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Abstract 
 
Supporting of underground hanging-walls is an important task that ensures a safe working 
environment and a continuous opening in underground mining operations. Underground stope 
support systems such as yielding pencil props, packs, tendons and backfill are used to stabilise 
hanging-walls in excavations to reduce or eliminate falls of ground and rock-bursts. The brushing-
off of the pod end of an installed E. grandis pencil prop is the initial yielding part of the support unit 
under load. This failure mechanism allows inelastic hanging-wall to converge or vertically dilate 
while the support unit maintains contact with the rock unit without losing its support integrity (i.e. it 
does not buckle). Higher Moisture Content (MC) in yielding pencil props allows the props to fail 
according to the expected mechanism. Tonnes of timber products are wasted annually due to severe 
cracking / checking during the storage phase. Physical deterioration in a form of cracks of more than 
10 mm wide and longer than 1/3 of the longitudinal dimension of the yielding pencil prop are criteria 
used by timber units’ suppliers to reject yielding pencil props.  
 
An experimental research project over eight weeks was conducted, assessing the effectiveness of 
three on-surface treatment methods on South African E. grandis yielding pencil props. The three 
proposed treatment methods were simulated in order to take sets of measurements i.e. MC, T and 
RH. The Water Sprinkling Treatment (WST) was found to have gained an average net of 9.3 % on 
the elongate and an average net gain of 2.8 % on the pod part after the eight weeks of the experimental 
research period. No yielding pencil props were rejected with WST, which had the lowest average 
cracks development and average cracks propagation. The Open Environment Treatment (OET) 
recorded a reduced MC at an average net loss of 14.8 % on the elongate and an average net loss of 
27.4 % on the pod part at the end of the experiment. Thirty percent of the twenty yielding pencil prop 
units were rejected at the end of the eighth week. The Concrete Floor Treatment (CFT) recorded a 
reduced MC at an average net loss of 17.4 % on the elongate and an average net loss of 28.0 % on 
the pod part at the end of the experiment. Sixty percent of the twenty yielding pencil props units were 
rejected at the end of the eighth week. Both OET and CFT had an average high cracks development 
and propagation. 
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Glossary of Terms [1] 
 
Term Description 
Crack / Check A lengthwise separation of the wood that usually extends across the 
rings of annual growth and commonly results from stresses set up in 
the wood during seasoning. 
Decay  Decomposition of wood by fungi. 
Defect  Any irregularity in timber that lowers its strength, durability or utility. 
Drying When moisture is evaporated or extracted from timber. The rate of 
drying has a major effect on the quality and quantity of the timber 
recovered. 
Equilibrium Moisture 
Content 
The moisture content at which timber neither gains nor loses moisture 
when subjected to given conditions of humidity and temperature. 
Eucalypts Australian trees of Eucalyptus genus which includes various species 
including gums, boxes, ironbarks, ashes and stringybarks. 
Green timber Colloquial term for timber which is newly cut and still has a high 
moisture content. Technically known as unseasoned timber. 
Hardwoods  Timber of broadleaved species (Angiospermae), characterised by 
features that make it possible to distinguish them from softwoods. It 
has a more complex structure, with often visible rays or pores. This 
more complex structure usually results in more interesting figure 
which has nothing to do with the hardness of the timbers from this 
group. It comprises ring-porous hardwoods, with quite distinct annual 
rings borders, and diffuse-porous hardwoods, with less visible annual 
rings borders. 
Heartwood A central darker part of a stem, compared to the lighter sapwood at the 
peripheral part. Timbers can differ in colour and width of the 
heartwood. The transition from the heartwood into the sapwood can be 
abrupt or gradual. 
Lignin One of the principal chemical constituents of wood cellular tissue, the 
binding agent. 
Log  A length cut from the stem or large branch of a tree from which timber 
is to be sawn, hewn or otherwise produced. 
Modulus of Elasticity  A measure of elasticity or the power of recovery by material, after 
strain or distortion. 
Modulus of Rupture The value of a structural member of a given size and shape cross-sec-
tion to resist a load. 
Moisture content A measure of the available water in a piece of timber. Wood normally 
increases in strength with drying. The weight of moisture contained in 
a piece of wood, expressed as a percentage of the oven-dry weight. 
Pith  A soft and light tissue that is situated in the centre of a tree. The 
diameter of the pith is several millimetres, depending on the species. 
It is usually round (as seen on the cross-section), but some exceptions 
in the terms of shape are possible. 
Pulp-wood   Forest waste timber used in making paper and wallboards. 
Sapstain  A bluish discoloration of the sapwood. It is caused by the growth of 
fungi in the interior and on the surface of wood. It is quite frequent in 
the case of pine, but it can also affect the sapwood of other timbers. 
Sapwood   A peripheral lighter part of a stem, compared to the darker heartwood 
at the central part. Besides colour, the width of the sapwood and its 
transition into the heartwood are the features of interest. 
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Timber  Milled wood in a form suitable for construction or carpentry or joinery 
or for reconversion for manufacturing purposes. 
Species   The basic unit of biological classification. With rare exceptions, a spe-
cies may be defined as an interbreeding group of biological organisms, 
which is isolated reproductively from all other organisms. 
Softwood A wood, regardless of weight and hardness, which comes from a co-
niferous tree. 
Shrinkage The dimensional difference between green timber and timber dried to 
a moisture content of 12%, normally given as a percentage of 
shrinkage of the radial and tangential faces of a piece of timber. 
Silviculture The branch of arboriculture which treats of the growth and life of forest 
trees. 
Veneer A thin sheet of wood produced by slicing or rotary cutting. 
Wood The hard fibrous material that forms the main substance of the trunk 
or branches of a tree or shrub, used for fuel or timber. 
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Abbreviations  
 
 
 
Abbreviation Full Naming 
ANOVA Analysis of Variance 
CFT Concrete Floor Treatment 
DAFF Department of Agriculture, Forestry and Fisheries  
DBH Diameter from Breast Height 
ELCC Elongate Crack Count 
ELCL Elongate Crack Length 
ELCW Elongate Crack Width 
ELMC Elongate Moisture Content 
EMC Equilibrium Moisture Content 
ERR Energy Release Rate 
ESS Excess Shear Stress 
FOG Fall of Ground 
FSP Fibre Saturation Point 
GDP Gross Domestic Product 
MC Moisture Content 
MiS Moisture-induced Stresses 
MOE Modulus of Elasticity 
MOR Modulus of Rupture 
NFAP National Forestry Action Programme 
OET Open Environment Treatment 
PCC Pod Crack Count 
PCL Pod Crack Length 
PCW Pod Crack Width 
PMC Pod Moisture Content 
RCF Rock-wall Condition Factor 
RH Relative Humidity 
RMR Rock Mass Rating 
RQD Rock Quality Designation 
SPSS Statistical Programme for Social Science 
T Temperature 
WST Water Sprinkling Treatment 
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CHAPTER 1: INTRODUCTION 
 
Introduction 
 
Falls of ground in underground work areas are the main contributing factors to the reportable high 
number of fatalities, injuries, production loss and equipment damage in the mining industry. The 
underground gold and platinum mines are the largest consumers of timber-base support products 
due to the mode of mineralisation / deposit of the commodities being mined and the adopted mining 
methods. The underground production areas such as stopes (production panels) use timber products 
to provide primary or secondary support for temporary or permanent support systems to sustain the 
hanging-walls of underground work areas. 
 
The hanging-walls in underground mining areas such as narrow stopes are supported to ensure 
safety for the workers, equipment and access to the stope faces. Supporting of underground 
hanging-walls is vital in ensuring a safe working environment and an uninterrupted underground 
mining operations. Underground stope support systems such as yielding pencil props, packs, 
tendons and backfill are used to stabilise the hanging-walls in excavations to reduce or eliminate 
FOG and rock-bursts [2]. Yielding pencil props are the underground support system used to 
gradually allow controllable movement of the hanging-walls in the back areas of the underground 
stope areas. Those yielding pencil props cut from timber logs of Eucalyptus grandis (E. grandis) 
species grown in Mpumalanga, South Africa, are support technology designed to ensure safety in 
underground work area while allowing for hanging-wall movement.  
 
The brushing-off of the pod end of the installed timber-based yielding pencil prop is the initial 
yielding part of the support unit under load. This failure mechanism allows inelastic hanging-walls 
to converge or vertically dilate while the support unit maintains contact with the rock unit without 
losing its support integrity. Yielding pencil props are designed to allow an absolute amount of 
quasi-static closure acting on the pencil prop without weakening its support resistance. Higher 
Moisture Content (MC) in yielding pencil props allows the units to fail according to the designed 
mode of failure (brushing-off) mechanism. The pod part of the props allows an extended yielding 
range before it buckles and fails under load. The length of the pod part on the yielding pencil prop 
determines the allowable vertical rock mass dilation before the whole prop body starts to creep 
under load. 
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Tonnes of timber-base products are wasted annually due to severe cracking / checking. Cracks of 
more than 10 mm wide and longer than 1/3 of the longitudinal dimension of the yielding pencil 
prop are criteria used by timber unit suppliers to reject yielding pencil props. Yielding pencil props 
that have been rejection according to these criteria show physical deterioration due to cracks 
resulting in longer and wider fibre separation. 
 
Timber is known for its hydroscopic nature, whose physical, chemical and mechanical properties 
are influenced by the amount of MC. The stability of any amount of timber moisture is influenced 
by its surrounding environmental conditions. Moisture migration between the timber and its 
surrounding environment is concentration-dependent, i.e. moisture migrates from a high 
concentration zone to a lower concentration zone in order to maintain an Equilibrium Moisture 
Content (EMC). This migration process takes place until an EMC between the timber products and 
the surrounding atmosphere is reached. The EMC is influenced by various atmospheric variables 
which include relative humidity (RH) and temperature (T). 
 
Timber cracking / checking can cause significant economic and time losses for suppliers of timber 
products. Timber cracking can develop at any stage of timber harvest, transportation, 
manufacturing, storage and application or usage. Crack development and propagation can prove 
challenging to eliminate but can be controlled to a tolerable level through the direct control of 
moisture loss into the environment. 
 
This study researches the effectiveness of three treatment methods on the physical properties of E. 
grandis yielding pencil props over a prolonged period of time under natural atmospheric conditions 
of Temperature (T) and Relative Humidity (RH). The study assesses the effectiveness of the three 
treatment methods to retard MC loss in order to increase the shelf life of the yielding pencil props 
at the storage yard. At the conclusion of this research, the most effective treatment method is 
identified based on the findings. This method can be applied to the E. grandis yielding pencil props 
during storage method to maintain their strength and quality. 
 
1.1. Eucalyptus grandis Yielding Pencil Props 
 
Yielding pencil props are cut from Eucalyptus grandis (E. grandis) trees planted and grown in 
different environments and climatic conditions according to varying silvicultural practices in South 
Africa as an exotic species. The silvicultural practices have a direct effect on the strength and 
quality of timber-based products [3]. E. grandis is naturally grown in Australia and as non-native 
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species in other countries of the world including South Africa. E. grandis trees in South Africa are 
planted in Mpumalanga and KwaZulu-Natal. The E. grandis species is the preferred species to meet 
the high demand for timber products by both the mining and the construction industry due to its 
hardwood and fast-growing properties [4]. The wood materials for E. grandis are commonly used 
for various commercial and industrial purposes including paper and pulp, wood-fuel, utility poles, 
CO2 absorption during photosynthesis, oil extractives and charcoal. The row timber materials are 
light in weight, easily cut or manipulated into any form, they have a low erection cost and do give 
warning before failure [5] (when very dry, i.e. low Modulus of Elasticity (MOE). 
 
1.2. Problem Statement 
 
In the South African mining industry, accidents can result from the following three major causes: 
human error, the environment and nature. Human error can occur due to the initial handling of the 
timber support materials during and after harvest, transportation, on-site storage method, and 
installation procedures and standards. The environmental factors include heat stresses, flooding, 
noise and dust. Earth quakes and tremors are natural elements which can cause seismic movements 
in the earth crust, resulting in falls of ground. 
 
E. grandis yielding pencil props are milled from debarked E. grandis timber elongates by pencilling 
one end of the pole so that the two ends have a varying diameter. The pod part has a decreasing 
diameter towards the base, whereas the elongate part has a uniform diameter. The pencil props have 
a high yielding capability of up to 300 mm at between 100 KN to 600 KN yield load. An exercise 
that was carried underground revealed certain performance and failure mechanisms that were never 
experienced during laboratory testing i.e. pod brushing to one side, resulting from high load. Some 
of these unusual deformations were attributed to the geological conditions of the rock wall (uneven 
hanging-walls and foot-walls), sub-standard installation and low quality.   
 
Drier yielding pencil props under maximum load undergo a sudden brittle failure, thus losing their 
load carrying capability. Yielding pencil props with a higher MC level gradually brush-off on the 
pod part. Underground support elongates attain a high load-carrying capacity at high Modulus of 
Rupture (MOR) and yielding pencil props depend on their inherent moisture content to gradually 
brush-off. The yielding pencil props under investigation were expected to have a minimum shelf 
life of two months. However, cases have been observed of physical deterioration in less than two 
months where yielding pencil props start to crack. 
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A prominent supplier of yielding pencil prop units for underground stope support has set a quality 
management standard for timber operators producing the support units. This standard rejects any 
yielding pencil props developing cracks of more than 10 mm wide and propagating more than 1/3 
of the longitudinal dimension. These timber support elongates bear physical defects such as cracks 
(checking) and knots. The presence of knots, non-concentric layers, fibre inclination, external and 
internal cracks are the most common causes for rejection [6]. While the rejection of timber 
elongates occurs due to natural features, for example, knots, the majority will be due to longer and 
wider cracks resulting from prolonged storage period at the yard. The main cause for this is irregular 
demand from customers, disrupting the supply chain. These rejected timber products result in 
financial loses to the supplier. 
 
The performance of E. grandis yielding pencil props as an underground support system critically 
depends on its MC to realise the desired failure mechanism while in service. Therefore, it is of 
utmost importance to ensure that the storage methods for E. grandis yielding pencil props do not 
compromise the support integrity of the units from processing, storage to the installation phase. 
 
1.3. Research Aim 
 
The aim of this study is to identify the most effective storage method in order to reduce the rejection 
of E. grandis yielding pencil props during storage on-surface, while exposed to natural uncontrolled 
environmental conditions over time. 
 
1.4. Research Question 
 
How does on-surface, time-dependent exposure of E. grandis yielding pencil props to T and RH 
affect their physical properties under various treatment methods? 
 
1.4.1 Research Sub-questions 
 
(i) How do the three proposed treatment methods affect the MC of E. grandis yielding 
pencil props? 
(ii) What are the physical defects associated with various levels of MC loss of E. grandis 
yielding pencil props for the maximum two months of the treatment period under the 
prevailing T and RH? 
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(iii) How effective is the on-surface storage method of the water sprinkling (wet-deck) in 
preserving the quality of E. grandis yielding pencil props? 
 
1.5. Research Objective 
 
The objective of this research is to quantify the MC of E. grandis pencil props when subjected to 
three proposed treatment methods for eight weeks, as well as the T and RH of the natural 
atmospheric conditions in order to see if there is any cause-and-effect relationship for cracks 
development and propagation. 
 
1.6. Significance of the Study 
 
The significance of the study is to contribute to the body of knowledge on the effects of T and RH 
on the physical properties of E. grandis yielding pencil props used for underground support 
systems. The research findings will also assist product designers to evaluate and achieve reliable 
timber-based products, which will meet the underground support system requirements. 
 
Based on the findings, the infrastructure for temporary storage of E. grandis yielding pencil props 
could be modified or designed to minimise the effects of the natural environment, as well as the 
adoption of consumption principles and / or policies aimed at minimising exposure to the natural 
factors under consideration. Consumers of timber products for support purposes would be able to 
review their stock level and management policies which must fully support the required quality 
upon receipt, storage and utilisation.  
 
The study outcomes can assist suppliers and consumers to manage E. grandis pencil props during 
the storage period in an effective and best practice manner to maintain their quality and eliminate 
rejection. 
 
The researcher believes that the findings of this research will contribute positively towards the 
following management areas: 
 
(i) Pool of quantitative data to assist managers to make informed decisions when handling 
timber-base products at processing and storage phases; 
(ii) Reduction of tonnage rejection rate due to inferior quantity; 
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(iii) Improvement of the surface storage facilities (infrastructure); 
(iv) Improvement of support system quality assurance and supply; 
(v) Enhancement of safety in the working environment (FOG); 
(vi) Avoidance of equipment damage (FOG); 
(vii) Avoidance of production interruption / stoppage and loss (FOG); 
(viii) Ensuring a comprehensive systematic approach to logistics and management strategy 
aimed at continuously maintaining high quality timber product output; and 
(ix) Ensuring employee’s understanding and participation in all product quality 
improvement activities. 
 
1.7. Delimitation of the Study 
 
The study is limited to only assessing the effectiveness of three on-surface treatment methods on 
the physical properties of E. grandis yielding pencil props for use as an underground support system 
in South African gold and platinum mines. T and RH are considered as natural, uncontrolled 
elements in the study.  
 
The supplier and their designed infrastructure for storage is the focus of improvement. This 
approach is based on the fact that the supplier sponsoring this study also provides consultation 
services, advice and recommendations to the consumers / mining industries on best practices for 
handling, storage, installation and behaviour monitoring of yielding pencil props. 
 
1.8. Study Layout 
 
The study contains seven chapters, as summarised below: 
  
Chapter 1: Introduction 
 
This chapter provides an overview of the environment defining the engineering challenges and 
solutions applied. The problem statement is discussed followed by the research objectives. 
Comprehensive answers to the research question and sub-questions will provide greater insights on 
the topic under study. The purpose and significance of the study are also outlined. The scope of the 
study is restricted within the set delimitations. 
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Chapter 2: Literature Review 
 
The literature review covers existing research work relevant to the research topic. The review, seeks 
out feasible, applicable and cost-effective solutions to address the existing industrial problem as 
well as the conditions validating these solutions. 
  
Chapter 3: Research Design and Methodology 
 
An experimental research method is adopted to collect empirical data in an uncontrolled natural 
conditions on-surface. This primary data is recorded in the designed form and then analysed using 
statistical methods. 
 
Chapter 4: Research Findings 
 
In this chapter the collected and recorded data is analysed using statistical methods and is presented 
in tabular and graph forma. It is then discussed and interpreted. 
 
Chapter 5: Conclusion, Recommendations and Future Research Gaps 
 
A conclusion and recommendations are put forward based on the findings of chapter 4. Areas of 
future research are highlighted. 
 
Chapter 6: References 
 
All types of cited resource materials used in completing this study is listed in details in this chapter, 
using the IEEE style of references. 
 
Chapter 7: Appendix 
 
This chapter contains field data collection forms, standards used and details of processed data 
findings. 
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Conclusion 
 
This chapter introduces the challenges experienced by the underground mining industries during 
storage phase of E. grandis yielding pencil props at the depots. It highlights the deterioration of the 
support units during storage phase which subsequently affect its performance when installed to 
support the underground hanging-wall. The origin, production and uses of E. grandis support units 
explained, emphasizes the appreciation of the product by the mining industries. The aim, objective, 
significance and the scope of the study are clearly explained in this chapter. The following chapter 
will discuss the literature review on this topic. 
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CHAPTER 2: LITERATURE REVIEW 
 
Introduction 
 
A safe and uninterrupted exploitation of mineral resources from the earth’s crust depends on 
maintaining the excavated sites giving access to the reef deposit. The development of excavations 
through drilling and blasting creates fractures in the rock mass, dividing the rock layers into loose 
pieces and the displacement of field stresses. Different rock mass support systems made of timber, 
steel and cement are installed to anchor the loose blocks or weak immediate layers into the 
competent rock mass free from any fracturing. Underground support systems are used extensively 
to stabilise the rock mass in the immediate excavation roof layer to eliminate or reduce the hazards 
associated with rock falls and rock bursts in the gold and platinum mining industry. The satisfactory 
performance of the rock mass support systems is attributed to adhering to the support installation 
standards and qualities. 
 
The quality of E. grandis yielding pencil props is an important engineering requirement for support 
system in order to have a good force-deformation characteristics. The quality of these props 
includes strength, stiffness, yieldability, energy absorption ability, resistance, etc. The suppliers of 
E. grandis pencil props, as a uniquely designed engineering product, have an important role to play 
in preserving their quality during storage in the yard. The storage infrastructure must increase the 
maximum shelf life and reduce any rejection due to physical deterioration. 
 
2.1. Underground Mine Safety 
 
A high proportion of mine injuries and fatalities has been as a result of rock fall and rock burst 
related accidents [7]. These accidents continues to date, where cave-ins trap and kill mine workers 
make headlines in the South African media. Rock-related accidents account for more than 50% of 
all fatalities occurring in the mining industry, in which more than half are associated with Falls of 
Ground (FOG), while the remainder are attributed to the failure of dynamic loaded rock during 
seismic events and rock burst [2]. FOG accidents are thus still a major concern, threatening the loss 
of life and production in the underground mining environment. Blasting of a rock mass to develop 
an excavation for access into the orebody, creates high stress levels indicated by fractures inside 
the excavation walls. After blasting, new underground geometries are formed and new energy 
imbalances result. FOG is a result of energy dissipation a natural rearrangement through rock 
displacement / movement which can either be elastic (slow) or inelastic (violent), leading to 
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excavation closure. These phenomena call for the installation of support systems to maintain / 
suspend the roof layer in-situ. 
 
In 2003, at the Mine Health and Safety Summit, a decision was made to compare the South African 
mining industry’s health and safety statistics to international trends (fatality rates of Australia, 
United States of America and Canada). There was an agreement reached in 2005 between the 
mining tripeptide alliances aimed at increasing safety statistics in South African mines by 20% per 
annum [8]. 
 
According to the annual report [8], the safety performance of the South African mining industry in 
2007 showed an undesirable downward trend, as detailed hereafter. Fatality rates per million hours 
worked increased by 0.5%, rising from 0.2% in 2006 to 0.21% in 2007. The injuries rate per million 
hours worked improved from 4.14% in 2006 to 3.62% in 2007. The number of injuries decreased 
from 4 169 in 2006 to 3 867 injuries in 2007. FOG accidents decreased by 22.2% reducing the 
fatality rate from 0.09% in 2006 to 0.07% in 2007 in which 76 lives were lost due to the failure of 
timber supports causing FOG. 
 
2.2. Underground Excavations 
 
South African commodities such as gold and platinum are deeply deposited in the earth’s crust and 
extracted using various mining methods depending on the depth, size and orientation of the orebody 
and the geological conditions of the rock mass. Gold and platinum deposits at greater depth in 
excess of 3000 metres have been reported in South Africa. These minerals are narrow deposits 
within the hard rock mass. Accessing ore bodies involves the development of passages and 
excavations through the rock mass in the form of shafts (vertical or inclined), tunnels, cross-cuts, 
raises and winzes as well as stope working areas [9].  
  
The rock mass characteristics derived from the core samples are used to determine the nature of the 
internal lining of the underground excavations during the design stages [10]. A wide range of rock 
mass formations are often intersected as bedding planes from friable weaker to solid competent 
rock influences its stability, strength and deformation. The creation of any excavations or passages 
by either a conventional drill and blast or mechanised boring method, destabilises the rock mass 
creating an energy imbalance to the in-situ arrangement of the rock mass stresses. This results in 
the formation of mining-induced fractures or joints inside the lining of these underground 
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excavations. Cracks or fractures are physical signs of weaknesses or highly strained inelastic rock 
mass. 
 
The stability of large service excavations such as tunnels, shafts or chambers is controlled by rock 
mass condition, field stress level and quality / quantity of installed supports [7]. The values of field 
stresses during excavation design are determined from the Rock-wall Condition Factor (RCF) 
equation below: 
 
Equation 1: Rock-wall Condition Factor 
RCF = 
3σ1− σ3
FσC
                       2.1 
 
Where σ1 and σ3 are the major and major field stress components acting normal to the tunnel, σC is 
the uniaxial compressive strength of the hoist rock, and F is an empirical rock mass condition factor. 
When RCF < 0.7, conditions are excellent and when RFC > 1 rock condition rapidly deteriorates, 
this requires an increased level of support resistance and areal coverage [7]. 
 
Rock mass classification schemes are used to provide an early estimation of support requirements 
and to provide an estimate of the strength and deformation properties of the rock mass, based on 
the rock mass composition and characteristics. Classification systems are used based on their 
usefulness and application for underground excavation support requirements and suitability for the 
mining industry. These are known as Rock Quality Designation (RQD), Rock Mass Rating (RMR) 
and Q-System [11].  
 
Shafts and underground tunnels are service excavations that have an operating life equivalent to the 
life of mine. The support systems around these excavations are intended to stabilise the zone of 
fractured rock mass inside the surface linings and make it safe by accommodating changes to the 
fracture zone. These are dilation caused by creep or changes in the stress fields or by seismicity 
through consolidating rock surfaces of the excavations.  
 
2.3. Underground Support Systems 
 
Various roof support systems use various support products and technologies made from different 
materials, selected based on their availability, reliability, site performance and cost-effectiveness. 
The support systems and technologies reinforce the weaker / friable rock wall with the inner 
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competent rock mass from the fractured zone / boundaries. The application of underground rock 
support systems is the final recourse undertaken to complement the initial mine design layout 
strategies to reduce hazards associated with rock fall and rock burst incidents [10].  
 
There are two categories of underground support systems – temporary and permanent. They are 
made out of various materials ranging from ground, steel, cement and timber. Temporary support 
provides safety of workers by suspending the roof layer, which will be removed at a later stage, 
while permanent support will be installed to replace the temporary support and provide safety while 
suspending the roof layer for the life of the underground excavation. The roof support type can 
either be primary or secondary. The primary roof support is provided by the rock mass in which 
mining takes place in the form of pillars and the secondary support is made from foreign materials 
such as steel, timber or cement [12].  
 
Crush pillars are form of primary support at depth exceeding 400 metres are designed to fail in a 
stable manner while being cut from the mining face. This is in order to reduce the potential risk of 
large-scale collapse or back ‘breaks’ [13]. The residual strength of the crush pillar post failure 
contributes to the required panel support by carrying the dead-weight load to the height of the upper 
parting on which separation is expected to occur [14]. These are designed as a chain of pillars in 
series along the strike or dip direction of the stope face. 
 
Long tendons (coupled steel rods or multi-strand ‘cables’) are installed as primary supports to 
anchor beyond the unstable fractured zone. The tendons can be mechanically end-anchored by pre-
tensioning the tendon in the drilled hole or full-grout anchored by inserting several metres of 
grouting in the drilled hole of the excavation surface. Grouting requires several hours to set 
(bonding between the tendon and the drilled hole surface). The special features of tendons are 
selected based on the load to be supported, the nature of rock fracturing, their yieldability and the 
available time or urgency to make the roof safe. Shafts are protected against mining-induced strata 
deformation by leaving a considerable amount of unmined ground around the shaft barrel as pillars. 
The size of shaft pillars R (radius) increases with H (depth) [7]. 
 
Secondary roof support systems are provided by steel roof bolts or short tendon anchors installed 
between long anchors to reinforce the immediate fractured roof. Shafts or tunnels developed 
through bad or weaker geological conditions often bear weaker or highly friable rock walls 
characterised by multi-directional cracks which form small key blocks. This type of rock mass 
condition is supported by spot bolting, to pattern bolting with sheet / weldmesh or shotcrete [15]. 
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Rock bolt and wire mesh with shotcrete lining systems are the predominant methods used to support 
tunnels with friable roofs and sidewalls [10]. 
 
Backfill support systems made from mine tailings are used as regional and local support in deep 
mines to reduce the volumetric convergence in the mined-out areas (normally stope backs) and the 
high stresses at the stope faces. This reduces the occurrence of seismic events. This support system 
lowers the levels of Energy Release Rate (ERR) and Excess Shear Stress (ESS) [16]. The quality 
of backfilling material is controlled to specifications and monitored to ensure the required load 
carrying capacity is achieved [17]. 
 
2.4. Underground Production Area 
 
Stopes are the main underground production areas. They are not more than 1.5 metres high where 
roof supporting, face drilling, charging with explosives, blasting and the removal of broken orebody 
takes place, and extend back opposite the stope advancing direction to the sweeping line. A large 
number of underground hard rock production activities remain highly labour-intensive due to stope 
height which makes the conversion of mining activities from conventional drilling and blasting to 
mechanisation a challenge. The stope face area where the daily production activities occurs 
(drilling, charging, blasting and scraping) to expose new fractured rock wall layers, poses a risk for 
rock-related accidents (rock falls and rock bursts) [7] [18]. Mining-induced fractures resulting from 
drilling and blasting operations can cause the fall of roof layers when their horizontal clamping or 
compressive forces are weak or when an incompetent roof layer is inadequately supported [2]. 
Mining at great depth suffers severe stope face fracturing that results in rock falls and damaging 
rock bursts as the vertical stress component (qv) increases [7]. Stope support is applied to stabilise 
the immediate roof layer under tensile stress and the fractured rock that behaves inelastically around 
the stope areas. The behaviour of the rock mass surrounding the stopes differs widely depending 
on depth, bedding thickness, jointing, geological structures and the hanging wall rock type [19]. 
 
 The following are the main factors controlling the requirements of stope support [7]: 
(i) The stratigraphy of the immediate hanging wall; 
(ii) Minor geological structures such as joints and bedding planes or partings; 
(iii) Mining depth, defining stress concentration, fracture and the rate of closure; and 
(iv) The presence or lack of seismicity. 
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Generally, the fall of ground is influenced by the gravitational forces acting on a block of 
unfavourable geometry which exceeds the cohesion, roughness and friction on the release surfaces. 
The release of any key block on the roof layer can result in a subsequent fall of adjacent blocks 
[20]. These special cases call for the support of individual blocks of the roof layer. The width and 
length of the blocks are determined by the fracture spacing, which in turn will influence the spacing 
of the support units in the support system [19]. This means that the interaction between adjacent 
support units is diminished, leading to reduced support spacing in order to maintain a stable span 
between support units [2]. The block thickness is determined by the partings provided by the 
bedding planes. Stope mining induces large stress concentrations immediately ahead of the stope 
face, resulting in intense and characteristic patterns of fracturing. A combination of face-parallel 
shear / extension fractures and parting planes break the hanging wall into distinct blocks. The 
movement of these fracture can result in enhanced closure rate of the stope backs [7]. 
 
Various stope support systems are installed on a range of geotechnical environments and mining 
conditions with a known factor of safety to provide sufficient support resistance or energy 
absorbing capacity and areal coverage or support unit interaction to maintain the integrity of a 
discontinues hanging-wall, which may be subjected to fall of ground or seismically generated 
ground velocity [21]. The stope support systems, consisting of a combination of tendons, props and 
packs or backfill, are used to stabilise the rock mass surrounding excavations and reduce the risk 
of rock falls and rock bursts [18].  
 
The design of underground excavation support systems is based on an empirical approach in which 
data was generated from experience, past practice and cost considerations [2]. The design of stope 
support systems made of timber considers the effects of loading rate, creep and length on the 
qualities of the support units [19]. The stope working area has a face area, which extends back 
about 4 metres. This area has the most working man-hours (labour intensive) of the mine and is 
critical in terms of safety due to a high incidents of FOG, causing death and injuries to the stope 
workers [7]. Temporary support in the form of timber elongates or hydraulic jacks is used to provide 
safety while normal stope mining operations are in progress during the shift or semi-permanent 
hydraulic props support to permanent grout packs, timber packs, mat-packs or backfill in the back 
area.  
 
For pure rock fall control, the stope support systems must provide sufficient support resistance to 
carry the dead weight of the strata involved in the potential fall-out. Inadequate areal coverage or 
poor interaction between support units are identified as additional causes of fall of ground. Support 
units with headboards are used to increase the areal coverage and interactions [2]. 
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A study was conducted by Daehnke et al. of the fundamentals to be considered for improved 
underground stope support design methodology. These fundamentals are divided into critical rock 
mass parameters and critical support unit parameters. The critical rock mass parameters include: 
height of potential fall, quasi-static stope closure rates, dynamic stope closure rates, compressive 
hanging wall stresses, discontinuity spacing, orientation and interface properties. The critical 
support parameters include: effects of support length, effects of compression rate, support 
performance variability and areal coverage of support systems [2]. 
 
2.5. Timber as an Underground Support Technology 
 
Different underground mining geometries such as haulages, cross-cuts, chambers, raises and stopes 
require different support technologies. Underground stopes are working areas where most of the 
mining activities such as drilling, charging, supporting, blasting and cleaning take place. They are 
commonly regarded as production panels with complements of between 7 and 15 workers [22]. 
Production panels at the rock face are temporarily supported by timber probes to provide safety for 
workers while the panel back-by is permanently supported by timber packs and backfills. 
 
Timber-base props and packs are used extensively in underground support systems to stabilise the 
rock mass in the immediate excavation roof layer to eliminate or reduce the hazards associated with 
rock falls and rock bursts in the gold and platinum mining industries [2]. The support design for 
various mining conditions takes into consideration the following rock engineering requirements of 
the support units: strength, stiffness, yieldability, energy absorption ability, support / rock contact 
stresses, velocity of dynamic closure, post-rock burst stoping width and areal coverage. It also take 
into consideration the need not to interfere with the drilling and cleaning operational requirements 
as active or passive support units [7] [18]. A support system design criteria of 50 KN/m2 resistance 
for rock-fall or a 60 KJ/m2 energy absorbing for seismic and rock bursts, requiring the system to 
have a yielding capability, is used for stope support systems [19]. The support resistance depends 
on the force-deformation behaviour of individual support units, their spacing and the amount of 
static stope closure acting on the support system [19]. The criterion for effective rock burst resistant 
support systems is to absorb the kinetic and potential energy associated with the hanging wall 
moving with an initial velocity of 3 m/s to be brought to rest within 0.2 m of downward movement 
/ displacement [2]. 
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E. grandis timber poles are structural elements commonly used in the mining industry [23] to 
provide roof support for the hanging walls of underground mine working areas. These areas are 
situated in shallow to medium and deep levels intercepted while mining both gold and platinum 
minerals. The design [24] and selection of support elements to meet the mine safety needs must 
stem from understanding the properties of timber products, their failure mechanism / behaviour 
[25] and load-carrying capacity. The latter properties can be observed and measured when timber 
support elements are subjected to an initial destructive uniaxial compression (load-deformation) 
test facilities in laboratories or test stations in order to establish performance data on the timber 
support units. This could be related to basic expectations and understanding of their performance 
when in-service [26], under similar environmental conditions. 
 
According to the underground results obtained of in-situ performance on the monitoring of timber 
products for load-deformation, it was observed that timber elongates (mine poles) can reach 
maximum load at low Moisture Content (MC). During the same in-situ performance monitoring 
and recording, pencil props (modified mine poles) had high yieldability as required and they 
displayed an interesting phenomena of allowing higher closure while maintaining their initial load-
carrying capability [26]. 
 
2.6. Global Afforestation of Eucalyptus grandis and its Use 
 
Eucalyptus grandis (E. grandis) Hill ex Maiden (also known as flooded gum or rose gum) are 
naturally occurring in Australia and have been transferred to various parts of the globe to meet 
various wood requirements [27]. E. grandis is one of the nine eucalypts species that is successfully 
planted to meet the need of biomass in various non-native countries [28]. The species was selected 
based on its fast growing nature, adaptability to a wide range of environmental conditions, attractive 
mechanical, physical and mechanical properties, high quality, and pest and disease resistance. 
 
More than 800 eucalypts species occurs naturally across Australia, with a small number of species 
in the north of Australia in Papua New Guinea, Indonesia and the Philippines [29]. There are more 
than 20 million hectares of eucalypts plantations around the world, especially in developing 
countries, for commercial purposes [30], namely: Brazil accounts for 4.2 million hectares, India for 
3.9 million hectares and China for 2.6 million hectares [31]. The eucalypts species has been widely 
planted in many countries to produce a sustainable source of timber due to its superb wood qualities, 
rapid growth and adaptability to a wide range of different climatic conditions [32]. There are more 
than 600 eucalyptus tropical hardwood species, just nine cover 90% of the planted eucalyptus area 
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globally, i.e. E. camaldulensis, E. dunnii, E. grandis, E.globulus, E. nitens, E. saligna, E. 
tereticornis and E. urophylla [33]. Bulk seeds or cuttings (germplasm) collection of tropical 
eucalyptus of E. camaldulensis, E gradis, E. pellite, E. tereticornis and E. urophylla from their 
natural Australian plantings were the major source of material for establishing plantation or 
vegetative propagation globally [34]. McMahon et al [1], stated that an altitude from sea level up 
to 1100 metres favours the fast growth rate of E. grandis trees. 
 
Many countries world-wide grow E. grandis for various industrial and commercial applications. 
These countries have commonly used eucalypts products for pulp and paper, as round wood, for 
timber, for poles or posts, charcoal, extractives (oil), construction, bioenergy and CO2 absorption 
through photosynthesis to mitigate global warming [35]. The general use of solid wood is divided 
into the following [36]: 
 
(i) Round wood – These are poles cut from tree trunks. Round wood is generally used as poles, 
as logs for houses or for furniture. 
(ii) Sawn wood (‘Green’ wood) – For rustic use such as boxes, pallets, bins, plan, mouldings 
and scaffolds.  
(iii) Sawn wood (‘Dried’ wood) – Used as raw materials for remanufacturing (mouldings). 
(iv) Engineering products – For blanks, blocks and glued laminated wood. 
(v) Veneers (rotative veneers) – For making plywood (phenolics, ureics, overlays, etc.), and 
slice veneers – for decorative purposes. 
 
2.7. Forestry Industry / Sector in South Africa 
 
E. grandis trees are commercially planted in South Africa to meet the growing demand for timber 
products by the mining industry for supporting underground working areas. Eucalyptus plantations 
cover about 20 million hectares globally in more than 90 countries and are expanding in tropical to 
sub-tropical regions of the world [27]. South Africa depends on plantations of exotic forestry 
species [37] of eucalyptus for timber to meet its poor state of natural forest. More than 1.3 million 
hectares are covered today to meet the growing demand for wood [38]. 
 
South Africa is reported to have about 1.5 million hectares of forest plantations, with slightly more 
softwood than hardwood plantations [39]. E. grandis is the hardwood used to produce pulp and 
mining timber. The Sappi Forest Company has tree-growing regions for commercial purposes, 
namely: Mpumalanga, KwaZulu-Natal Midlands and Northern regions, with eucalypts grown along 
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the Northern KwaZulu-Natal coastline. Pine trees and eucalypts are also grown in Mpumalanga 
and the Midlands [39].  E. grandis is an exotic [28] and fast-growing species, imported from 
Australia [40] and introduced to South Africa in the late 19th century as a source of timber for the 
mining industry [41], to meet the growing demand and economic growth of many regions [28]. The 
wide range of eucalyptus plantations can easily adapt and can be propagated in various tropical and 
subtropical regions [42] world-wide. 
 
According to the Department of Agriculture, Forestry and Fisheries (DAFF) annual report [43], 
1.28 million hectares, that is, approximately 1% of the total 122.3 million hectares of land in South 
Africa, is used for forestry. The forest sector and its products contribute about 1.2% to the GDP 
(regional contributions are: KwaZulu-Natal 4.5%; Mpumalanga 4.7%; Eastern Cape 0.9% and 
Limpopo 0.5%) [43]. In 2009, planted forestry in South Africa produced 16.2 million tonnes of 
commercial round wood from 18.9 million m3; pulpwood intakes of 12.9 million m3; mining timber 
of 759 000 m3; charcoal of 264 000 m3; saw logs of 4.1 million m3, veneer logs and poles of about 
546 000 m3 were transferred to processing plants [43].  
 
The forestry sector support manufacturing sub-sectors such as sawmilling, paper and pulp 
production, mining and construction, where an  estimated 63 000 jobs in commercial forestry and 
about 52 000 jobs were created in direct processing in 2012 [44]. The government published its 
National Forestry Action Programme (NFAP) in 1997, which serves as a roadmap or blueprint for 
effective and sustainable development of all forestry resources. It also assists the forestry sector to 
address all the constraints and challenges hindering the realisation of their full potential in 
contributing to job and wealth creation, as well as biological diversity [45]. 
 
2.8. Wood Technology 
 
Wood is a complex biological structure, with uneven and complex distribution of molecules [46]. 
It is composed of many chemical substances and cell types acting together to serve the needs of a 
living plant. Understanding wood technology must be accompanied by the basic fact that wood 
growth takes many years to serve three main functions in a plant, i.e. (i) conducting water from the 
roots, through the stem to the leaves [47], (ii) mechanical support of the plant body and (iii) the 
storage of bio-chemicals [1]. These basic requirements as dictated by those three functions and 
identifying wood structures, give us an understanding of wood as an engineering material. 
Understanding the biological structure of wood and its mechanical properties allows us to 
appreciate its strength against limitations when utilised as an engineering material [1].  
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Wood is formed from vascular cambium which is the secondary meristem responsible for the 
diametric growth of the stem. When the cambial initials divide, one cell remains at meristematic 
status while the other is destined to become a xylem or a phloem mother cell [48].  
 
The macroscopic properties of wood such as MC movement, density, hardness, bending strength 
and other properties derived from understanding the cells that make up the wood, are important in 
predicting the behaviour of wood under certain atmospheric condition and in-service applications. 
Such large-scale properties are based on chemical and anatomical details of wood structure [49]. 
 
2.9. The Anatomy of hardwood 
 
Hardwood is defined botanically as wood that comes from angiosperms (flowering plants) [50]. It 
is a broadleaf deciduous trees. Hardwood has a complex structure due to its greater number of basic 
cell types and a greater degree of variability within the cell type. These distinguishing cell types 
are called vessel elements or pores [1]. Hardwood is similar to softwood insofar as they both have 
dead cells at maturity, even in sapwood. There are three zones in a tree trunk: (i) juvenile (short 
fibre length, lower density and larger micro-fibril angle), (ii) transition (properties change zone 
from juvenile to mature) and (iii) mature wood (stable properties) [51]. Parenchyma cells are live 
cells at maturity and are found in both softwoods and hardwoods. The axial system of hardwoods 
is composed of fibrous elements of various kinds, vessel elements in various sizes as well as axial 
parenchyma in various patterns and abundance [1]. 
 
2.10. Sapwood, Heartwood and Moisture Gradient 
 
In hardwoods and softwoods, the wood in the trunk of the tree is typically divided into two zones, 
each of which serves an important function distinct from the other. The actively conducting portion 
of the stem in which parenchyma cells are still alive and metabolically active, is referred to as 
sapwood [40]. Sapwood is a band of lighter coloured wood adjacent to the bark in mature wood 
[52]. Heartwood contains juvenile wood [52], which is the darker coloured wood found in the 
interior of sapwood and is responsible for conducting sap, storage and synthesis of bio-chemicals 
[53]. 
 
The physical and mechanical properties of wood or timber depend on the MC of wood or timber, 
expressed as a percentage (%). The cell walls of fresh ‘green’ woods are saturated [54] and any 
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water additions get stored in the lumina. In ‘green’ softwoods, the MC is higher in sapwood than 
in heartwood [55], a research study conducted by Peck, Nikolov and Enchev as quoted by 
Raczkowski et al. [56]. Moisture (water or vapour) in wood can exist as free water in cell lumina 
and cavities or as bound water (intermolecular bond) in the cell walls [54]. MC fibre-saturation 
points (FSP) exist when the cell walls are saturated in the absence of water in the cell lumina. At 
this point, the physical and mechanical properties of wood do not change as a function of MC. 
 
MC gradient [57] is a measure of varying degrees of dryness of wood or timber, commonly 
observed through surface checking caused by shrinkage. This result in tensile stresses as wood 
surfaces get dry before the deeper central areas towards the pith [58]. Results of studies conducted 
by Metsä-Kortelainen and Viitanen in 2006 on Douglas fir and larch discovered that the wettability 
of sapwood from all the tested wood species was better than that of heartwood [59]. 
 
2.11. Moisture / Water Relations 
 
Wood or timber is a natural hygroscopic material; its moisture exchange depends on the Relative 
Humidity (RH) and Temperature (T) of its environment and MC (%) level [60]. This moisture 
change in wood has an important influence on its properties and performance when used as an 
engineering material [1]. Freshly sawn or ‘green’ wood has completely saturated cell walls with 
water and the MC can range from 30 – 200 % [1]. 
 
The cell wall is largely made up of the following chemical components: cellulose [61], 
hemicelluloses [62] and lignin [63]. Hydroxyl groups in these chemicals make the cell wall 
hygroscopic. Wood is a hygroscopic, porous, anisotropic and non-homogenous material [64]. 
Water is contained as liquid in fibre cavities (capillary water) and as bound water inside the fibre 
wall (hygroscopic wall) [64]. The lignin [65] is a complex polymer that forms an agent cementing 
cells together and is a comparatively hydrophobic molecule [63]. This means that the cell walls in 
wood have a great affinity for water, but the ability of the walls to take up water is limited in part 
by the presence of lignin. 
 
Water in wood has a strong effect on timber properties because wood-water relations greatly affect 
the industrial use of timber products. Changes in the inherent MC of wood have an effect on the 
physical dimensions and the mechanical properties of wood [66]. Environmental conditions such 
as T, RH and vapour pressure facilitate moisture movement from an area of higher concentration 
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to an area of lower concentration. This continues until an equilibrium is reached where both the 
wood cells and the environment have similar moisture concentration levels [67]. 
 
2.12. Wood Moisture Absorption 
 
Untreated woods are hydrophilic (high affinity for water), where two surface properties, namely, 
wettability and free energy, will determine if liquids such as water will adhere to the surface of the 
wood. However, the quality of wetting will further be influenced by macroscopic properties such 
as porosity, surface roughness, MC, fibre orientation, [68], heterogeneity, wood grain direction and 
drying methods [69]. Molecular mass flow diffuses under the influence of a concentration gradient 
[70] where fluid migrates and spreads through capillaries, vessels and the cellular walls of wood 
[71]. Water diffusivity coefficient (kg/m2 S½) describes the rate at which water moves from the 
surface to the interior of wood products, caused by the porous structure, density and the reactivity 
of its chemical components [71]. 
 
Water diffuses as vapour through the void structure or as bound water through the cell wall when 
MC is below FSP [72]. In over-saturated moisture conditions of the atmosphere, moisture 
absorption processes in wood take place in two stages. The first stage consists of moisture diffusion 
as bound water when MC is below FSP. The second stage is in the lumen and voids when the MC 
of wood is above FSP. The moisture absorption rate is about 30 - 50% greater than that at the second 
stage but slows down as time elapses to reach 0 at equilibrium [72]. The theoretical kinetic diffusion 
mechanism of moisture in wood has been proposed from Fick’s first law which stipulates that the 
flow of water through wood is proportional to the concentration gradient. Fick’s second law of 
diffusion was used to determine the diffusion coefficients of water in wood [71]. 
 
The Peleg and the Exponential models, which are empirical and semi-empirical, have been used to 
model water absorption process of agricultural products. These models take into account the time 
retardation dependent factor during absorption, the viscoelastic properties of food products, the 
high rate of absorbance in the first phase of absorption and the rate in the relaxation phase [71]. In 
the same study, it was discovered that wood exhibits an initial high rate of moisture sorption 
followed by slower absorption in the relaxation phase. 
 
The same study also indicated that in wood-based composites, the rate of moisture absorption 
increases when the vapour T is elevated [72]. The findings of an investigation conducted on small 
cubes of wood polypropylene composite indicate that when these cubes are submerged in distilled 
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water and seawater, their diffusion coefficient could be estimated to be 3.1 and 2.3x10-8 cm2/s 
respectively [70].  
 
When water is used as a swellable liquid, large amounts penetrate into the wood during the sorption 
process experiment (Wilhelmy plate method). When wood was immersed in water over time, it 
swells (adsorption) [69]. In ‘green’ wood, water molecules are attached to the hydroxyl groups. 
When the wood is dried, shrinkage occurs while the OH groups are freed from water and start to 
attach to each other. During rewetting, most of the OH groups are not available anymore to the 
water molecule, resulting in less moisture adsorption compared to the amount of moisture present 
during desorption at the same RH [73]. 
 
At constant RH, the EMC of desorption is higher than the adsorption process, a phenomenon 
indicated by adsorption / desorption sorption isotherm for Moroccan E. globulus [74]. The 
graphical presentation of adsorption and desorption sorption isotherms is characterised by a 
sigmoidal shape (similar shaped curves), showing an increase in EMC with increasing water 
activity at constant T [74]. Understanding the sorption behaviour of various wood species in their 
environment, becomes crucial for understanding the degradation mechanisms influencing the 
natural ageing of wood-based products [75]. 
 
2.13. Timber Moisture Relation 
 
Timber is a natural, fibrous, hygroscopic material that continuously exchanges moisture / water 
with the environment [76] through the processes of absorption (taking in water when atmospheric 
RH is high) or desorption (releasing water when atmospheric RH is low) [75]. This occurs with the 
surrounding atmosphere to maintain an equilibrium with the surrounding climate due to RH and T 
[60]. The porous nature of wood enables the intake of water vapour to store it within the cell 
membrane and cell cavities. Generally, above Fibre-Saturation Point (FSP), the cell walls are 
completely saturated, causing any excess moisture to be transferred into the cavities of the cells 
[60]. 
 
The MC of wood material is an important part that affects its physical, mechanical, chemical, 
rheological, durability and swelling or shrinkage properties. Moisture gradient induces wood 
moisture concentration-dependent diffusion within the wood material. This passes from wood to 
its surroundings at low RH or from surroundings to the wood surface at high RH. Below FSP, water 
is transported through diffusion in and out of the surface of the wood, resulting in a moisture 
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gradient causing swelling or shrinkage. This leads to the equilibrium of internal compression and 
tension stresses perpendicular to the grain [60]. Skaar explains that moisture diffusion is, in fact, a 
combination of two movements, namely, (i) the vapour diffusion through the void structure and (ii) 
the bound water diffusion through the cell walls [77]. Further moisture movement occurs between 
the wood surface and the surroundings, as the rate of moisture transportation is limited and 
determined by the surface emission coefficient. This is proportional to the difference between the 
MC at the wood surface and the value of the wood at equilibrium with the surroundings [77]. 
 
Two forms of moisture exchange rate resistance are identified by Newmann as quoted by Droin-
Josserand, Taverdet, et al. [76], namely, (i) the external resistance with the coefficient of moisture 
transfer from atmosphere to the surface (surface-wood) and (ii) the internal resistance in the wood 
itself. Moisture transferred from the surrounding atmosphere is absorbed by the surface of the wood 
to diffuse into the wood itself. During the study period, the rate of moisture diffusivity into the 
wood was found to vary according to the longitudinal, transversal directions and it was 
concentration-dependent [76]. 
 
Wood moisture transfer is concentration-dependent between heartwood, sapwood and the 
surroundings as high moisture ‘green’ wood loses moisture to the surroundings whereas dry wood 
absorbs moisture from surroundings with a high moisture concentration. When timber is stored in 
a constant climate, it reaches EMC with its surroundings [60]. The timber EMC is influenced by 
the atmospheric variables that include RH, T, the chemical and structural composition of timber 
[60]. The relationship between EMC and RH at constant T is known as a sorption isotherm [75]. 
 
Variation (losing or gaining) of MC in timber affects both physical (swelling or shrinkage and 
cracking or warping) and mechanical (strength or stiffness) properties of timber [60]. Excessive 
tension stresses perpendicular to the grains, result in stress relief in the form of cracks, that is, fibre 
separation due to changing climate. Moisture gradient in timber is as a result of the sapwood 
(towards surface) getting drier more quickly during the early stages of air-drying than the 
heartwood (centre). This causes the outer surface to shrink whilst the inner centre prevents the outer 
surface from shrinking [1]. This means that the outer surface of the timber will be in tension, while 
the centre will be in compression. Cracking / checking or fibre separation occur as a result of these 
drying stresses.  
 
Excessive MC also has a negative decaying effect or fungal growth which can degrade the quality 
of timber products in-service [60]. Wooden products are protected from decay by fungi, insects or 
marine borers through the application of chemical preservatives. These preservatives increase the 
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life of wooden products and consequently reduce replacement costs, thus allowing the efficient use 
of forest resources. Wood preservatives must provide the desired wood protection for the intended 
purpose without presenting health risks to humans or the environment [1]. 
 
The protection of timber products through the application of preservative chemicals could be 
expensive or could pose possible risks to the health of human beings and animals. Consequently, 
feasible, cost-effective and healthier techniques need to be explored to reduce the physical or 
mechanical degradation of timber products such as mine poles (timber elongate) or pencil props 
which are used as underground roof support products. 
 
Physical cracks or fibre separation of more than 10 mm are currently used by BedRock (timber 
product supplier for gold and platinum mines in South Africa) as standard rejection criteria for both 
timber elongates and yielding pencil props. As stated earlier, moisture gradient (difference) in 
timber causes excessive tension stresses perpendicular to the grains causing cracks or fibre 
separation. 
 
Timber moisture retardation techniques could be used to reduce or retard the migration or moisture 
diffusion rate of high MC from the sapwood, creating a high moisture gradient between the 
sapwood and the heartwood. Moisture differential or moisture gradient between the sapwood / outer 
surface and timber elongates and the surrounding atmosphere influences the timber moisture 
migration from the sapwood (high concentration) to the atmosphere (low concentration) until 
moisture equilibrium is maintained. Higher moisture differential between the outer surfaces and the 
surrounding atmosphere will cause a high rate of moisture release into the free air and a slow rate 
of moisture migration from the heartwood (centre) to the sapwood. 
 
A high moisture gradient can be reduced by exposing fresh wood with high initial MC to a 
surrounding atmosphere which will allow a lower rate of moisture diffusion between the outer 
surface to the surrounding atmosphere, and subsequently, from the centre to the outer surface. 
 
Timber moisture loss cannot be prevented but it can be retarded [1]. As stated above, timber EMC 
is influenced by the three atmospheric variables, namely, RH, T and air pressure. Virtually nothing 
can be done to change the air pressure but something can be done to increase the amount of vapour 
in the air (RH) and to reduce the effects of direct T from the sun by providing shaded storage 
infrastructure. 
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2.14. Surface Cracking / Checking 
 
Many physical and mechanical properties of wood depend on its MC [1]. The MC gradient 
transverse in the cross-section of wood blocks is essential in establishing induced desorption 
stresses responsible for checks that degrade wood during drying [56]. Wood undergoes internal 
restraint as moisture diffusion is not instantaneous. This means the outer part of wood dries quicker 
that the inner part at reduced RH. The wet inner part restrains the outer part from shrinkage, 
resulting in mechanical stress induced by a compressed inner part and a tensioned outer part [78]. 
Varying RH induces stresses appendicular to the grain in timber members. 
 
These stresses (compressive or tensile) are commonly referred to as moisture-induced stresses 
(MiS) [79]. Surface checking (fibre separation) and end-splitting are as a result of wood 
dimensional changes when the MC is below the FSP. Timber poles and logs gradually develop 
surface checks and end splitting as time elapses when they are allowed to naturally (uncontrolled) 
air dry without any treatment or protection in climates characterised by variations of RH [80]. These 
cracks can develop in the longitudinal direction and can significantly reduce the load-bearing 
capacity of individual timber members [79]. Wood deterioration has a high impact on economic 
loss incurred as tree growth takes many years before felling. Cracks were observed on end and 
enveloped surfaces of debarked Picea abies and Pinus contorta round wood logs from six weeks 
of dry storage [81]. 
  
Mitigating actions such as surface coatings to reduce moisture transportation from penetration to 
emission or reinforcement perpendicular to the grain to increase tensile strength of individual 
timber members have been proposed as measures to reduce the risk of cracking [79]. 
 
2.15. Mechanical Properties of Timber (E. grandis) 
 
Information on the mechanical properties of E. grandis wood is essential when selecting wood as 
material for furniture, construction [36] and underground wood-based support technologies or 
products. Other characteristics related to strength are Modulus of Rupture (MOR) and Modulus of 
Elasticity (MOE). These characteristics are fundamental to the safety (structural stability) and 
quality of the final wood products [82]. E. grandis trees, originally grown for charcoal, produce 
wood that is slightly stronger than that used for pulp and paper. The values of mechanical properties 
for MOR and MOE of eucalyptus plywood measured by Bal and Bektaş using load-bearing 
apparatus along the parallel (longitudinal) and perpendicular directions, found that the parallel 
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values were higher compared to those of beech and poplar veneer, despite the fact that eucalyptus 
grew faster than the other tree species [83] [84]. 
 
Mechanical properties are measured to represent the strength properties of wood for design 
including MOR in bending, maximum stress in compression parallel to grain, compressive stress 
perpendicular to grain and shear strength parallel to grain [1]. An investigative test study conducted 
by Bal and Bektaş discovered that the mechanical properties (VS-%, MOE-N2/mm, MOR-N/mm2, 
CS-N/mm2 and IB-kgm/cm2) of E. grandis juvenile wood were lower than those of mature wood 
after heat treatment at 180 0C for 8 hours [5]. 
 
2.16. Modulus of Rupture and Compressive Strength 
 
Modulus of Rupture (MOR) reflects the maximum load-carrying capacity of a wood member in 
bending and is proportional to maximum moment borne by the specimen [1]. MOR is an accepted 
criterion for strength, although it is not a true stress because the formula by which it is computed is 
valid only to the elastic limit [1] [3]. 
 
However, the MOR and Modulus of Elasticity (MOE) of heat-treated samples decreased by 29.6% 
and 12.9%, respectively [85]. A heat treatment study by Bel and bektas which exposed the E. 
grandis tree to 180 0C for 8 hours, revealed that the mechanical properties decreased as their T and 
time of heat process increased, whilst T increase had a greater effect than time increase. During the 
study, the MOR of juvenile wood and compressive strength properties were determined to be lower 
at 83 N/mm2 and 62.5 N/mm2 respectively against the mature wood at 129 N/mm2 and 77.3 N/mm2 
respectively [5]. It is very important to determine the best conditions (temperature and duration) 
during the heat treatment process to achieve the desired physical and mechanical properties, as 
different tree species are affected differently [4]. 
 
2.17. Relationship between Moisture Loss and Compressive Strength 
 
At higher T and saturated MC of wood cells, wood is less brittle because it has more liquid, hence 
high viscosity is well spread out and the moisture gradient from the outside to the interior centre 
(pith) is minimal to induce tensile strength responsible for deep checking [54]. The MC of wood 
after harvest decreases naturally as a time-dependent exposure to the atmosphere until an EMC is 
reached with the surrounding atmosphere [86]. Heat treatment methods have been used to 
accelerate moisture loss and to significantly bring moisture gradient to a minimum level. 
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Heat treatment methods are intended to modify woods’ chemical, mechanical and physical 
properties in order to achieve dimensional stability and durability [66]. An investigative research 
experiment was conducted, concluding that an increased MC (absorption) of wood, will have a 
weakening effect on the compressive strength of the wood [87]. 
 
2.18. Environmental Effects on the Moisture Content of E. grandis Timber 
 
The selection of a specific tree species by clients is also governed by on-site environmental 
conditions where the product will be used, installed or operated. ‘Green’ harvest (freshly cut wood) 
has a higher moisture concentration. As time elapses under higher atmospheric T (in relation to the 
wood surfaces) and lower / drier atmospheric humidity, the water (wood moisture) flows from high 
concentrated wood surface to low concentrated atmosphere [56]. This process repeats itself until 
an equilibrium is reach between the wood and the atmosphere. 
 
The loss of MC in wood, has a direct effects in its mechanical, physical and chemical properties. 
Wood MC loss negatively affects wood products as checking (cracking), splitting and shrinkage 
(dimensional change) take place and a prolonged soaking of wood in water or high atmospheric 
moisture levels weakens the wood products by decay. This in turn, weakens the desired properties 
[60]. On the contrary, dry wood products possess a higher MOR, a trait required for rigid 
application and construction, however, this property can be achieved through pre-heat treatment to 
avoid cracking / checking. The tangential tensile strength decreases with increasing drying 
temperature [88]. Critical properties of wood products should be achieved in relation to in-service 
atmospheric conditions, when an equilibrium for MC migration is reached. 
 
Understanding the behaviour of wood products when subjected to varying levels of atmospheric 
conditions, is based on the biological structure development and growth of the tree species 
producing the wood. E. grandis are hardwoods that produce different cells to softwoods for water 
conduction and support. The cells are stacked on top of one another to form large diameter vessels 
and their thick walled fibre provides mechanical support. The species is capable of adapting to 
environmental changes by adjusting its physiological and biomechanical formation, a feature that 
can be observed along the tree xylem [1]. 
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2.19. Natural Atmospheric Variables (Temperature and Relative Humidity) 
 
The atmospheric variables that affect EMC of timber include, but are not limited to, temperature 
(T), relative humidity (RH) and atmospheric pressure (P) [89]. T has an important effect on the 
physical, mechanical and chemical properties of wood as it affects the MC of wood [90]. Exposure 
of timber in high T for a lengthy period of time reduces the EMC of timber [89]. Natural air-drying 
of wood is achieved by heat transfer from air flow to the wood surface inducing water out flow 
from the wood surface to the air flow [64]. 
 
RH is a measure of the amount of moisture in the ambient air at any particular T [89]. It is expressed 
in percentage (%) of the vapour carried by the air when saturated at that T. Felled timbers lying on 
the surface are gradually exposed to both the seasonal and daily oscillation of T and RH of the 
surrounding atmosphere. This changes the timbers’ MC. Moisture loss can only be retarded not 
prevented. ’Green’ timber will lose its moisture as time elapses, while stored or lying on surface, 
to a point where the rate of moisture loss to a less humid air, equals to the rate of moisture absorption 
[91]. 
 
Higher T or heat treatment (also called pyrolysis or torrefaction [92]), accelerates the rate of 
moisture loss (DB = drying rate - g/h) and low humidity / drier atmospheric conditions induce 
moisture loss from higher levels to lower levels until moisture equilibrium is maintained. 
 
Atmospheric pressure affects the RH of air, as can be seen in the formula generally used below. 
 
Equation 2: Relative Humidity 
ϕ = ( 
ew
ew
∗  ) x 100%                 2.2  
 
Where: ϕ = relative humidity, ew = partial pressure of water vapour and e*w = saturated vapour 
pressure of water at a particular temperature. The EMC of wood increases at a faster rate with an 
increase in relative vapour pressure [93]. 
 
Exposure of wooden products to the operational site governed by naturally uncontrolled varying 
atmospheric T and RH poses real hazards to the physical, chemical and mechanical properties of 
wood products. The hygroscopic nature of wood with its dimensional change resistance during MC 
variation through adsorption or desorption processes results in the development of physical and 
mechanical degrading stresses [78]. 
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2.20. E. grandis Timber Elongates and Yielding Pencil Props [94] 
 
Timber elongates are poles normally cut from E. grandis tree stems. They are of uniform Diameter 
from Breast Height (DBH) up to near the branching zone of the tree. Yielding pencil props are 
produced from E. grandis timber elongates by pencilling one end of the pole so that the two ends 
are of varying diameter. The small diameter end is called a ‘pod’. The yielding pencil props have a 
high yielding capability of up to 300 mm at between 100 KN to 600 KN yield load. 
 
An exercise carried out underground has revealed some performance and failure modes that ware 
never experienced during laboratory testing, that is, pod brushing to one side resulting from high 
stress concentration. Some of this unusual deformation was as a result of certain geological 
conditions of the rock wall (uneven), installation quality, etc.   
 
Dried timber under maximum load experienced a sudden brittle failure (load shedding). The pencil 
props’ brushing-off failure mechanism clearly indicated that the product must have contained a 
certain amount of MC. Underground support elongates attain high load-carrying capacity at high 
MOR and pencil props largely depend on certain moisture level to gradually brush-off. 
 
Designing underground mine support systems using timber products must follow a mandatory 
guidelines issued by the Department of Mineral Resources (DMR), as well as the laboratory testing 
processes and procedures which must conform to Mine Support Quality Assurance regulations [95]. 
 
2.21. Timber Harvesting Process 
  
The process of timber harvesting can be carried out in a number of steps, which begins with felling 
the trees, cutting them into logs and finally, transporting the logs to the mills [96]. The harvesting 
process can be divided into five phases [97]: 
 
(i) Felling – Cutting down of trees. 
The standing tree is felled by chainsaw or large scale machinery, de-limbed and cut into 
logs of variable length [98]. 
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(ii) Processing – Cutting of tree into logs and the removal of limbs. 
The first timber processing stage involves taking raw logs coming from the trees and 
processing them into a number of products. Some of these products are ready for final 
consumption, while others require further processing. Logs coming from the forest are 
classed depending on their quality and each class is grouped into different products [99]. 
 
(iii) Yarding / Extraction – Removal of logs from stump to the landing. 
Trees from the forest area are pulled to a landing area. Skidding is a method where-by 
trees are dragged out of the forest. When trees are carried out of the forest using a trailer, 
it is known as forwarding [99]. 
 
(iv) Loading – Loading of logs into trucks for transportation to the mill. 
After processing the logs, a loader helps to sort, stack and load the logs into trucks. Most 
loaders are trailer-mounted and track-based for extra mobility on the landing. The grapple 
attachment on the knuckle-boom can be fitted with a grapple-saw to help top and buck 
the trees, a heel on the boom provides stability [100]. 
 
(v) Hauling / Trucking – Transportation to the mill. 
Ground vehicles / trucks are used to transport (pull, carry or shovel) the logs to the 
designated loading points where primary processing takes place into various log grades 
[98]. 
 
2.22. Prevention of Timber Degradation at Storage Areas (Depots and 
Sawmills) 
 
Underground gold and platinum mines are the largest consumers of timber products for their 
underground roof support activities. Large quantities of timber as logs or sawn timber are stored in 
depots or sawmill yards for either a shorter or longer period of time. On-surface (sawmill and depot) 
timber product storage period is determined by the rate of advance of underground production 
panel, which in most cases is irregular. 
 
During the on-surface storage period, timber moisture is affected by environmental conditions such 
as T and RH. Moisture migration becomes concentration-dependent, i.e. ‘green’ timber (high 
moisture) loses its moisture to low moisture surroundings (desorption), while dry timber gains 
moisture from high vapoured surroundings (absorption), causing shrinking and swelling 
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respectively. Surface checking, end splitting or fungal decay are physical degradation indicators of 
timber-surface moisture exchange. Wet (sprinkling or under water) storage methods of debarked 
‘green’ logs or round-wood have been used to protect the wood-quality during storage [81]. 
 
Storage standards have been formulated to provide guidelines on storage and protection of ‘green’ 
logs and sawn timber in a level yard, clean from any decomposed organic material, with proper rain 
water drainage [101]. Two (water only) of the four standards are described below: 
 
(i) In Log Pond – Artificial log storage ponds in the yard can be used to store sawn logs under 
water for a longer time. Submerging debarked logs frees them from all risks and enables 
some incipient stresses in timber to disappear. The water should be changed once 
fortnightly to remove the fermented material. 
(ii) Under-Water Sprays – This method is preferred for its low water consumption and water 
is recirculated back to the reservoir to be changed once a month. Debarked ‘green’ logs are 
stacked on cement concrete platform, to be water-sprayed continuously or intermittently to 
maintain the logs in their ‘green’ condition. 
 
Water is sprayed on the surface of ‘green’, water-saturated logs to form a water film that excludes 
oxygen. Oxygen causes degradation by decay and sapstain fungi as well as insect attack [102]. 
When decay or infection occurs, the affected logs should be converted to recover the healthy 
portion, destroyed or removed from the yard to prevent further deterioration of the healthier ones. 
End coating with paint, wax, etc. on the ends of logs (longitudinal direction) to prevent end-splitting 
has also been suggested to retard moisture loss [103]. 
 
Wet storage is commonly used to preserve timber and pulpwood at saw and pulp mills during 
warmer seasons when the risk of drying out is high [55]. Pond or water storage involves total 
submersion of timber under-water to prevent the degradation of their quality through checking 
caused by drying out defects and from insects and fungi attack [55]. A study has shown that 
sprinkling water on a pile of debarked Picea abies and Pinus contorta round-wood logs not only 
reduced T in the pile but also significantly increased the MC after ten weeks [81]. Wet storage of 
timber eliminates oxygen, which is responsible for fungal growth and increases the MC of timber 
[103]. 
 
A study conducted on commercial eucalypts showed that wet storage can preserve large volumes 
of logs against fungal attack and drying degradation during prolonged storage periods [104]. 
Furthermore, wet storage methods for round-wood logs proved to have more pronounced desirable 
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effects when started earlier for both hardwood and softwood raw materials [103]. As shown in the 
study by Bendtsen, the important mechanical properties of timber such as MOR and compressive 
strength parallel to grain can decrease up to 4% and 6% respectively for each percent increase in 
MC [71]. 
 
2.23. Timber-Based Support Quality Control 
 
The successful utilisation of timber underground as a stope support system relies on correct just-
in-time installation, correct installation standards and procedure, skilled support crew and effective 
quality control programmes in order to ensure continuous mine safety and cost-effectiveness of 
underground mining operations [7]. Timber-based support systems and technologies such as 
yielding pencil props or hydraulic props need to be checked and monitored from any degradation 
elements which might hamper their support integrity throughout, from processing to storage and 
installation phases. 
 
Timber stored on-surface is exposed to periodic and seasonal water sorption (absorption / 
desorption) processes. Understanding the sorption process when timber is exposed to wet or dry 
storage conditions together with other atmospheric factors influencing this processes becomes vital 
in predicting the effects on the physical, mechanical and biological properties of timber when used 
as an engineering or wood-based technology. 
 
Timber storage is necessary because of irregular supply and demand and varying felling seasons. 
Wet timber storage is a method which prevents timber deterioration during prolonged storage 
periods in warmer summer seasons. Unprotected or untreated logs stored for prolonged periods 
degrade quickly due to surface checking or end splitting caused by imbalanced drying stresses 
during drying-out process. 
 
2.24. Measurement Methodology 
 
The yielding pencil props under investigation are expected to have a minimum shelf life of two 
months. Cases were observed of prop physical deterioration in less than two months. A prominent 
supplier of yielding pencil props unit for underground stope support set a quality management 
standard for timber operators producing the support units. The standard rejects any yielding pencil 
prop support units developing more than 10 mm cracks and propagating more than 1/3 of the 
longitudinal dimension. 
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Debarked yielding pencil props made from E. grandis tree that were harvested in close proximity 
to avoid tree growth variability were used for this study. The yielding pencil prop samples 
measuring (140 x 20 – 12) cm i.e. (length x elongate diameter – pod diameter) free from any drying 
stresses, knot defects, pitch pockets or grain irregularities were selected for the study.  
 
The three proposed on-surface treatment methods in a naturally uncontrolled environment 
conditions are:  
i.  Water Sprinkling Treatment (WST) 
ii. Open Environment Treatment (OET) 
iii. Concrete Floor Treatment (CFT) 
 
A minimum research period of eight weeks (two months) taken for this research project was 
determined by the consumption shelf life of E. grandis yielding pencil props. Tonnes of untreated 
units are rejected during this storage period. Underground stope support system quality 
maintenance practices focus on the effect of time-dependent exposure and the likely effects on their 
physical and mechanical properties. The mechanical properties of yielding stope support pencil 
props have an impact on the load-deformation behaviour of the unit. 
 
The relationship between moisture-concentration migration from timber to the surrounding 
environment or vice versa (desorption / absorption) and the associated influential variables have 
been discussed, as quoted from existing studies. The MC migration process continues until an 
equilibrium between the timber and the surroundings is reached. This is influenced by atmospheric 
variables such as T and RH. Moisture-concentration migration result in cracks / checks as physical 
degradation [90]. 
 
‘Mode I’ cracks propagating in the Tangential-Longitudinal (TL) and Tangential-Radial (TR) 
directions are of interest in this research. A Mode I crack refers to the opening mode where the 
tensile stress is normal (perpendicular) to the plane of the crack [88]. The physical measurements 
of the timber cracks are conducted concurrently with the measurements and recordings of the timber 
moisture with the natural uncontrolled RH and T. 
 
Deduced from the findings that tangential tensile strength (TSt) responsible for timber logs surface 
check / crack openings decreases with increasing drying temperature [88], it is expected that there 
will be a high propensity for timber logs to generate cracks during winter seasons when the natural 
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uncontrolled atmospheric conditions are lower, leading to high development of TSi exceeding the 
strength of the timber log.  
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Conclusion 
 
The strength of timber is determined by its density and MC. The loss of inherent MC has a negative 
effect on the MOE and a positive effect on the MOR of timber products. Timber products have 
been modified by pre-heat treatment at higher temperatures and different exposure periods in order 
to (i) maintain dimensional stability at specific atmospheric humidity, (ii) to achieve the correct 
MC equilibrium corresponding to the operational environment and (iii) to avoid checking 
(cracking) modes [54]. 
 
Wetting of timber as raw materials before processing into timber products soon after felling has 
been practiced with appreciable results by the forestry sectors and timber suppliers. This timber 
handling practice has some disadvantages, ranging from slippery to decay from anaerobic bacteria.  
 
Varying drying rates between different parts of timber from the centre towards the surface, result 
in degrading cracks on its physical properties.  Consequently, timber drying process must be 
retarded to allow the timber to dry with minimal stresses responsible for degradation. 
Understanding the properties of various tree species during growth, improves future expectations 
on the behaviour of the material. It also assists in devising the correct processes to mitigate the 
negative factors that might degrade the raw material during transportation, processing, storage and 
as final products in-service. Timber property knowledge per species, coupled with an understanding 
of environmental factors, improves product selection, as little can be done to change environmental 
factors. 
 
The literature review provided an in-depth information on the risks associated with the hanging 
wall stability in underground mining environments and the different support systems used to 
counter these challenges. Technical information about timber as a raw material for the production 
of E. grandis yielding pencil props was also covered extensively.  
 
Various natural exposure elements such as T and RH were identified as having negative effects on 
timber resulting in MC loss and the subsequence tangential stress development which produce 
visual signs of physical deterioration, notably, cracks. The researcher sought to apply this technical 
knowledge to simulate storage methods which aim to maintain the quality and reduce the rejection 
of yielding pencil props. Low quality support systems can endanger the safety of underground 
workers and cause production losses due to injuries, fatalities and equipment damage. Suppliers of 
timber products can also suffer high economic losses when their products are rejected at sawmills. 
     
  
36 
 
The correct interpretation of this technical information can assist managers to take decisive actions 
to grow their business footprint.  
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CHAPTER 3: RESEARCH DESIGN AND METHODOLOGY 
 
Introduction 
 
The research design and methodology used in this study are described in this chapter. The chapter 
begins with an explanation of the research strategy used i.e. the experiment strategy, including a 
description of the research site and the research process. The three treatments used are then 
explained. Dependent measures of moisture content and cracks are defined and it is indicated how 
these were operationalised. The statistics used for analysis are then listed. The research activities 
includes measurements, observations and recordings to collect data for statistical analysis to acquire 
an in-depth understanding of the naturally occurring environmental factors to be quantified and 
assessed together with their effects on the physical properties of the sample units. An experimental 
research study method which provides empirical information is selected. 
 
3.1. Research Site 
 
The research site selected is in the backyard of a house situated on the southern side of 
Johannesburg, South Africa. This research experiment is conducted in collaboration with 
GroundWork Consulting and BedRock Supplies. The site selected provides enough space for all 
three simulation treatments for the research experiment. There is a continuous supply of water and 
the site easily accessible for data collection and monitoring. 
 
The selected site is capable of storing the first set of 20 samples in an open environment without 
any treatment, exposing the units to all natural elements, including direct sunlight, wind and rain. 
The second 20 samples are stored in the open environment but are sprinkled with water during the 
day, every day for 16 weeks. The third 20 samples are stored in the under shade, in an enclosed 
area with a concrete floor sealed with tiles. This storage eliminates direct sunlight, wind and rain. 
Water sprinkling treatment simulates the ‘wet-deck’ storage method. ‘Wet-deck’ is a current 
practice used by BedRock Supplies in Bleskop to retard MC loss or to prevent any deterioration 
during storage of E. grandis yielding pencil props and timber elongates. 
 
3.2. Experimental Study Research Process 
 
An appropriate research strategy to compare the effects of three treatments over time is deemed to 
be the experimental research approach. This type of approach is followed to successfully conduct 
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an experimental study of observations, measurements and recording. This strategy consists of three 
phases, namely, formulation phase, execution phase and analytical phase [105]. These phases are 
constructed of steps’ as  shown in Figure 1 below. 
 
 
Figure 1: The Research Process 
 
3.3. Research Approach 
 
This is an experimental research study which follows a systematic process of enquiry and 
investigation. The research intends to add to the existing body of knowledge [106] by collecting 
quantitative primary data for statistical analysis. This primary data is collected over a longitudinal 
period of two months at the three storage sites through direct observation, measurement, tabulation 
[107] and recording. 
 
3.4. Quantitative Research Approach 
 
Bleskop Depot did not have a sampling procedures for research purposes at the time of conducting 
this research project. At the conclusion of this study, the sampling procedure followed during the 
research will be used as a standard, for future research activities. 
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A quantitative amount of Moisture Content (MC) of the yielding pencil props (elongate and pod 
part) is measured using a hand-held moisture meter, calibrated in percentage and recorded in the 
field data recording sheet (Appendix B). The lengths of the developing cracks observed along the 
longitudinal direction of the yielding pencil props is measured in metres (m) using a tape. A feeler 
gauge is used to measure the width and depth of the cracks in centimetres (cm) or millimetres (mm). 
The readings are recorded on the same field data in the columns provided. 
 
3.5. Measurement of Moisture Content 
 
Moisture meters are used by the timber industry as a quick and convenient method to measure the 
MC of timber [108]. A reliable, pin-type, hand held moisture meter (Surveymaster), as shown 
Figure 2, is used to measure the MC of the E. grandis yielding pencil props, adhering to the SANS 
Standard (Appendix A). Continuous MC measurements for all the three types of treatment methods 
are undertaken at predetermined time intervals during the research period. 
 
 
Figure 2: Surveymaster Moisture Meter 
 
3.6. Measurement of Cracks 
 
Lower relative humidity in the early stages of natural drying processes results in excessive 
shrinkage causing drying defects such as surface and end-checking in timber [109]. These drying 
defects are caused by drying stresses which take place when the external (near surface) part is drier 
(and shrinks) more rapidly than the internal (core) part. The surface part is normally stressed beyond 
its elastic limits in a permanently stretched (tension) state while the core is in a compressed state 
[109]. This phenomenon causes surface cracks / checks. 
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The length (cm) of cracks on the elongate and pod part are measured using a 30 metre measuring 
tape while their width (mm) are measured using a feeler gauge. The data is recorded on the data 
field form (Appendix B). Crack length is measured in the longitudinal direction. The developing 
number of cracks are also counted and recorded. 
 
3.7. Experimental Test 
 
An experimental test is conducted to study the cause-and-effect relationships [107] between the 
naturally occurring factors and their effects on the physical properties of E. grandis yielding pencil 
props. This experiment is conducted in the natural environment and therefore predicts more 
accurate and meaningful results that are valid for the entire population represented by the samples. 
 
3.8. Research Tools 
 
Research tools include all the means needed for measuring, collecting and recording field data for 
the purpose of this research study [110]. These research tools include: (i) research instruments and 
(ii) observation forms or field data collection forms. 
 
3.9. Research instruments (equipment) 
 
The research instruments are listed below: 
 
(i) Measuring tape - used to measure the length (cm) of cracks on the surface of the yielding 
pencil props, in the longitudinal direction. 
(ii) Feeler gauge - used to measure the width (mm) of cracks. 
(iii) Digital Pin-Type, Hand-Held, Electronic Surveymaster Moisture Meter (Figure 4) - used 
to measure MC. 
(iv) Temperature and Humidity Data Logger - used to measure temperature and humidity 
(Appendix K) of the environment surrounding the storage sites. 
(v) Observation or field data collection forms (Appendix B) - used to record empirical data. 
 
Observation or field data collection forms, are used to record all measured data at the research site 
using the research equipment. This empirical data is later processed and captured as average data 
in the Microsoft Excel spread sheet forms. 
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3.10. Experimental Group Sample and Management 
 
Three group samples of 20 units each are transported by a truck in plastic wraps to avoid any 
unforeseen variabilities. They are then, placed in three simulated environments at the treatment site. 
Each pencil prop unit is marked for identification. 
 
3.10.1 Population and Sample Size 
 
The population for this research project consist of all the E. grandis yielding pencil props stored at 
Bleskop Depot. They measure 140 cm x 20 – 12 cm (L x D – d) [prop length x elongate diameter 
– pod diameter]. The depot has a total storage capacity of 4 000 units of E. grandis yielding pencil 
props. 
 
3.10.2 Probability Simple Random Sampling Method 
 
Using the population chart (sampling frame) of the yielding pencil props, a probability random 
sampling method is used because all the units has an equal chance of being selected to be part of 
the entire sample group. A limited total of 60 sample units are donated for this research study. The 
sample size is estimated to be large enough [111]. This amount is further sub-divided into three 
groups of 20 units each. Each treatment method has a total of 20 units of E. grandis yielding pencil 
props for the research study. 
 
3.10.3 Sample Description 
 
The samples are freshly cut and processed yielding pencil props from the mill. These are free of 
any natural defects such as knots, pitch pockets or grain irregularities and are randomly selected 
and used for the purpose of this experimental research study. Samples of mature, debarked E. 
grandis yielding pencil props measuring 140 cm x 20 – 12 cm (length x D – d) are randomly 
sampled from the population chart, see Figure 3, thus showing population uniformity for unit length 
and diameter, growth area and period.  
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Figure 3: Eucalyptus Grandis Yielding Pencil Prop 
 
The representative samples of the infinite timber population are accurately harvested at close 
proximity, with a similar growth rate, characteristics and area. This is done to avoid units’ 
variability or non-homogeneity [107], which may have occurred due to various growth factors. It 
also reduces sample size and errors as near-zero-sample-variability would be achieved. The 
longitudinal test period for this experiment is two months as determined by the consumption cycle 
of the final product i.e. receive-storage-dispatch time cycle.  
 
3.10.4 Sampling Limitations 
 
BedRock Supplies is strictly a profit-making private entity.  The company agreed to donate a 
maximum number of 60 E. grandis yielding pencil prop units as samples for this research study. 
Due to the financial constraints at UJ research department, no additional amount of E. grandis 
yielding pencil props could be purchased for this experimental research study. 
 
3.10.5 Sample Management 
 
‘Green’ or fresh samples, wrapped in plastic shortly after harvest, are transported to the 
experimental sites in the shortest possible time. The plastic wrapping is a measure to minimise any 
loss of moisture or evaporation of free water [108] during transportation to the experimental sites 
and to reduce any potential moisture loss caused by elapsed time due to unforeseen transport delays.  
 
3.11 Treatment Methods 
 
Three groups of E. grandis yielding pencil prop units are simultaneously subjected to three types 
of treatment methods i.e. (i) water sprinkling treatment (WST), (ii) concrete floor treatment (CFT) 
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and (iii) open environment treatment (OET). Three sets of measurements, one for each treatment 
method are measured and recorded for two days every week. In each group, individual yielding 
pencil props are measured for MC and crack development (count) and propagation (length and 
width). Field data sheets are used to record primary qualitative data which is later captured in an 
Excel spread sheet designed for the purpose. 
 
Throughout the research period, an iterative process of observation, measurement and recording as 
data collection process at equally pre-determined time intervals is achieved. This primary data is 
collected once every Monday and Friday of each week for eight weeks (two months), to acquire 
sufficient data for statistical analysis and representation. All 20 sample units per each treatment 
method are labelled for identification with their treatment type, for example, WST01 to WST20 for 
Water Sprinkling Treatment, CFT01 to CFT20 for Concrete Floor Treatment and OET01 to OET20 
for Open Environment Treatment. 
 
3.12 Water Sprinkling Treatment (WST) Method 
 
A total number of 20 E. grandis yielding pencil prop samples is placed on a brick platform 
on a natural area, exposing the units to all the natural environmental elements. All 20 
sample units are placed lying side-by-side horizontally on the brick platform, leaving no 
space between them and not stacked on top of each other. Two water sprinklers connected 
to a water hose from the tap are placed after five units, from the left and from the right 
sides. Water is sprinkled for 12 hours a day from dawn till sunset, as shown in Figure 4. 
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Figure 4: Water Sprinkling Treatment (WST) Method 
 
3.13 Open Environment Treatment (OET) Method 
 
A total number of 20 E. grandis yielding pencil prop samples is placed on a plank platform 
in a natural area, exposing the units to all the natural environmental elements. All 20 sample 
units are placed lying side-by-side horizontally on the plank platform, leaving no space 
between them and not stacked on top of each other, as shown in Figure 5. The plank 
platform prevents the samples from being in contact with the ground, which may cause 
moisture diffusion from the samples to the soil. 
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Figure 5: Open Environment Treatment (OET) Method 
 
3.14 Concrete Floor Treatment (CFT) Method 
 
A total number of 20 E. grandis yielding pencil prop samples is placed in a covered and 
enclosed area on a concrete floor with tiles, as shown in Figure 6. The enclosed area 
provides shade and eliminated wind effects on the samples. The tiles provide a layer 
eliminating water absorption by the concrete. The samples are not exposed to the natural 
environmental elements. All 20 sample units are placed lying side-by-side horizontallt on 
the concrete floor, leaving no space between them and not stacked on top of each other. 
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Figure 6: Concrete Floor Treatment (CFT) Method 
 
3.15 Primary Data Collection Process 
 
Field data recording sheets are used to capture primary data as observed [110] at the three sites of 
three treatment methods. This primary numerical information is later transferred into another spread 
sheet as average data for further analysis and presentation using a Microsoft Excel spread sheet. 
 
An initial record of the physical properties (cracks and their measurements) and MC are observed, 
measured and recorded as base information for all the sample units on arrival. This data 
measurement, collection and recording process takes place over a longitudinal time period of two 
months, a time determined by the product storage / consumption period by the suppliers. 
Appropriate instruments and equipment are used to measure and record data the for analysis and 
reporting. 
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A total of 60 E. grandis yielding pencil props is selected and further divided into three groups of 
20 yielding pencil props. Each treatment method i.e. (i) wet-deck (water sprinkling), (ii) in the 
shade on a concreate floor and (iii) open storage in the natural environment, had 20 yielding pencil 
props. Two sets of measurements per treatment method are recorded for two days per week. A total 
sets of 16 measurements are recorded per treatment method in two months. 
 
3.16 Validation 
 
The research validity is the degree to which the observed data measures what the research project 
actually intends to measure [110].  The data collected for analysis during this research project is 
able to answer the questions asked at the start of this research project. Each set of data collected 
from the different treatment methods suggests, from the statistical analysis, that each treatment 
method has its own effect on the physical properties of the E. grandis yielding pencil props. Under 
similar experimental research study and condition, similar results must be achieved. 
 
3.17 Statistical Data Analysis 
 
The quantitative primary data is collected, recorded in a field data sheet and entered onto a 
Microsoft Excel spread sheet for coding and analysis. Data analysis is performed using the SPSS 
(Statistical Programme for Social Science) version 25.0 computer software. This data analysis 
checks if there is any pattern to be identified or themes to be established. The output results 
presented are utilised for interpretation to make logical deductions to arrive at sound conclusions 
and feasible recommendations. 
 
Similar measurements over the research period are repeated using the same instruments at 
predetermined time intervals to measure similar within-subject factors in the sample groups. 
Different numbers of descriptive variables between-subject factors, within-subject factors, tests of 
subject effects, multivariate ANOVA tests and variance comparisons as statistical outputs are 
tabulated and graphically presented. The analysis of repeated measurements of variable data 
frequencies for each subject factors is also conducted to identify trends between variances, their 
effects and their level of significance. Only the most significant part of the analysis is reported. 
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3.18 Frequencies and Summary Statistics Measurements per Treatment 
Method 
 
A repeated measure analysis is performed for similar measurements within-subject factors. These 
repeated measurements are conducted multiple times, twice a week for eight weeks, giving a total 
of 16 measurements per subject factor. The within-subject factors measure MC and cracks for all 
three groups. The between-subject factors are the treatment methods, as they divide the groups of 
subjects into three groups. 
 
A between-subject factors analysis is also performed to analyse repeated measurements between 
the three groups in a treatment method. The between-subject output for the treatment methods uses 
a probability value of p = 0.05. When the p – value is less than the significant level, it means that 
the population mean is significantly different from the compared values or constants. If the p – 
value is greater than the significant level, it meant that the population mean is not significantly 
different from the compared values or constants. 
 
3.19 Three Stages of Data Analysis 
 
Three stages of data analysis are adhered to throughout this chapter, namely, descriptive, 
presentation and theorisation. 
 
3.19.1  Descriptive 
 
The descriptive statistics explaining the spread, tendencies and bounds of all measured variables 
are mean or average, median, standard deviation, minimum and maximum variables of the 
elongates and pod parts, average MC, average cracks development, average length and average 
width of the E. grandis yielding pencil props are tabulated below for every week’s repeated 
measurements. A total of 16 sets of variables is recorded for each type of treatment method, i.e. 
water sprinkling, open environment and concrete floor. 
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3.19.2  Presentation 
 
Tabulations and line graphs are used as simplified methods of data presentation and reference. 
Coloured line graphs are used to clearly indicate certain behaviour pattern or trend of data 
measurements between the different types of treatment methods. 
 
3.19.3  Theorisation 
 
The research findings are considered in relation to the literature review to determine if there are 
any similarities or differences between existing studies and the current research study. This stage 
either confirms, negates or makes a new contribution to the body of knowledge under investigation. 
 
3.20 Data Analysis Tools 
 
The data analysis output using the SPSS software is further analysed using tools and tests described 
below.  
 
3.20.1  Box’s Test of Equality of Covariance Matrices 
 
The Box’s Test of Equality of Covariance Matrices is used to assess the equality of all dependent 
variables between groups. Box's Test is a diagnostic tool which assesses equality (similar 
characteristics) of all the variance between sample groups. This test confirms the assumption made 
to use ANOVA analysis for both the parametric and non-parametric tests. The ideal situation is to 
get a non-significant value to be greater than 0.001, to ensure the non-violation of the assumption. 
 
3.20.2  Multivariate Tests 
 
The multivariate tests contain tests of within-subject factor, time and the interaction of between-
subject factors, treatment. At level p < 0.05 for testing the time effect means that the p - value is 
significant. Wilk’s Lambda and the associated sig. value test the statistical significance of the 
outcome. If the main effect is significant at sig. = 0.000, the interaction effect can be traced back to 
the value of time. MC loss and crack development between groups could thus be linked to time as 
an independent variable.  
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Partial Eta Squared in the last column measures the effect size. Correspondence with the time effect 
value, the effect size can be read directly. The commonly used guidelines proposed by Cohen (1988 
pp 284 – 7): 0.01 = small effect, 0.06 = moderate effect and 0.14 = large effect. 
 
3.20.3  Mauchly’s Test of Sphericity 
 
Mauchly’s Test of Sphericity tests the hypothesis that the variance of the differences between 
conditions is equal. That is, it tests the assumption (condition) of sphericity. When the significance 
level (probability) of Mauchley’s Test is less than or equal to the a priori alpha level p < 0.05, 
sphericity cannot be assumed. That is, the assumption of sphericity has not been met (the 
assumption has been violated). We would therefore conclude that there are significant differences 
between the variance of differences. 
 
When the significance level (probability) is greater than a priori alpha level p > 0.05, sphericity 
can be assumed. We would then be able to conclude that the variance differences are not 
significantly different (i.e., they are roughly equal). In general, the following guideline is useful: 
when there is a large violation of sphericity (epsilon > 0.70) and the sample size is greater than (10 
+ number of levels of the repeated measures factor), then multivariate tests are more powerful. The 
epsilon value can be found in Mauchly’s Test output.  
 
3.20.4  Tests of Within-Subject Effects 
 
Similar subjects as dependent variables are tested in all the groups. This test, assesses the level of 
significant effect that the independent variable had on the dependent variables during the 
experimental test activities for each treatment method. At p < 0.05 proved the significant effect of 
the independent variables on the dependent variables. 
 
3.20.5  Tests of Within-Subject Contrasts 
 
The within-subject effects is time. The output for testing within-subject effects must be less that p 
< 0.05 to indicate that this effect is significant. At Level 1 and Level 2 at α = 0.000, there is a 
significant difference. Anything less than p < 0.05 means there is a significant difference (different 
or trending pattern). This shows where the groups between levels change. 
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3.20.6  Levene's Test of Equality of Error Variances 
 
Levene’s Test table measure the violation of homogeneity of variances. The significant (sig.) value 
must be non-significant at p > 0.05. 
 
3.20.7  Tests of Between-Subject Effects 
 
The tests of between-subjects effects test the means between two or more groups to determine if 
they are significantly different from each other. This compares the variation between groups (group 
means to overall mean) to the variation within groups (individual values to group means). A large 
F is evidence against H0, since it indicates that there is a greater difference between groups than 
within groups. 
 
The ANOVA F-statistic is a ratio of the Between Group Variation divided by the Within Group 
Variation: F = MSbg/MSwg. (Mean Square between groups/Mean Square between within groups). 
A large F-statistic value indicates a significant difference between two groups or more groups from 
each other. This signifies the presence of a relation. 
  
3.20.8  Pairwise Comparisons 
 
A tabulated pairwise comparison compare the means differences between treatment methods. After 
determining that there is a significant difference between treatment groups, each group is compared 
to the other two groups. This is based on estimated marginal means, i.e. the sum of lower and upper 
bound divided by two. The mean different is significant at p < 0.05 level. 
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Conclusion 
 
This chapter highlights the strategic research approach of the study, which intend to collect all the 
data required for statistical analysis. The research strategy and methodology guiding the study are 
explicated, detailing the planning and study execution procedure. Integrity is ensured through 
different steps carried out to jointly provide a pool of data from which informative research results 
could be drawn. 
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CHAPTER 4: RESEARCH FINDINGS 
 
Introduction  
 
This chapter present the descriptive and inferential statistics analysing the measurements taken 
Moisture Content (MC), crack development and crack propagation on the elongate and pod parts 
of the E. grandis yielding pencil props for the three treatment methods under consideration. 
 
This chapter begins with an analysis of Elongate Moisture Content (ELMC), Elongate Cracks 
Length (ELCL), Elongate Cracks Width (ELCW) and Elongate Cracks Count (ELCC). This is 
followed by an analysis of Pod Moisture Content (PMC), Pod Cracks Length (PCL), Pod Cracks 
Width (PCW) and Pod Cracks Count (PCC). 
       
4.1. Moisture Content (MC) by Treatment 
  
In this section, the findings on average MC measurements for the elongate part for all three 
treatment methods are presented. Both descriptive and inferential statistics analysis are covered. 
  
4.1.1. Elongate Moisture Content (ELMC) 
 
ELMC is an important measure because changes in MC, and particularly a decrease or loss of MC 
within treatments and over time, can lead to crack development and crack propagation. 
 
4.1.2. Descriptive statistics 
 
From Table 1 and Figure 7 below, it can be seen that there is an increase in ELMC for the Water 
Sprinkling Treatment (WST) and a decrease in the ELMC for both Open Environment Treatment 
(OET) and Concrete Floor Treatment (CFT). WST had an initial average MC of 26.81% (sd = 6.00) 
at week 1.1 (week 1. day 1) and showed a spike in MC to 62.45% at week 1.2 (week 1.1 to week 
1.2 (week1. day 2), as shown in Figure 7). WST ended with an average MC of 36.05% (sd = 5.85) 
at week 8.2. This represents an increased MC of 9.24%. WST tends to assume a unique water 
sorption isotherm (absorption / desorption) pattern during the entire research period. An oscillation 
moisture desorption / absorption pattern is observed but resulted in a higher MC compared to the 
initial MC at the end of the research period. 
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OET props appeared to lose moisture steadily over time, starting with a mean MC of 27.35% (sd = 
9.65) at week 1.1 and ended with 12.55% (sd = 1.68) at week 8.2, indicating a net loss of 14.80%, 
as shown in Table 1. Similarly, CFT props appeared to lose moisture gradually over time, with an 
average MC of 38.25% (sd = 18.18) at week 1.1, declining to 20.76% (sd = 3.05) at week 8.2. This 
represents a decreased MC of 17.49%, see Table 1. 
 
Table 1: Trend for Elongate MC (%) by Treatment 
 
 
A visual representation of these values is presented in Figure 7. At time 1.1, WST and OET had 
similar mean MC because they both endured a similar declining MC gradient for one day and one 
night while stored outside in their respective environment before any measurements were taken. 
The one day and one night had allowed all sample groups to reach an EMC with its environment. 
CFT preserved higher MC compared to WST and OET because of its higher humidity in an 
enclosed and shaded environment 
 
Figure 7 indicates a moisture loss for both CFT and OET methods during the entire research period. 
Many levels between CFT and OET groups indicate similar MC loss patterns or trends, except in 
some few instances, where an out-of-pattern observations are recorded, as in times 2.2 to 3.1, 5.1 
to 5.2, and 7.2 to 8.1. 
 
1.1 1.2 2.1 2.2 3.1 3.2 4.1 4.2 5.1 5.2 6.1 6.2 7.1 7.2 8.1 8.2
Mean 26.8067 62.4450 53.7200 45.2825 45.7800 45.2967 36.5900 36.0258 39.6875 41.9133 39.2933 43.0342 38.1533 34.1492 35.8342 36.0467
Median 25.5833 62.8750 55.0250 45.0667 46.5500 45.6917 35.5000 36.1917 38.9667 43.7833 41.1083 40.9167 39.5250 34.5917 36.9250 36.5417
Std. 
Deviation
6.00142 20.01727 12.36525 9.96149 9.20625 8.57505 8.78522 6.70780 6.60425 8.04830 9.54758 8.17263 6.49212 6.65692 6.19819 5.85402
Minimum 19.32 31.02 30.30 26.93 28.75 31.55 25.48 24.02 30.35 30.62 25.77 31.52 29.13 25.58 26.48 27.58
Maximum 45.32 114.33 84.05 71.25 61.18 63.48 53.23 47.25 50.98 57.28 58.18 59.88 50.15 48.68 50.47 50.42
Mean 27.3467 29.3242 23.0183 22.3617 21.5817 19.2042 18.5025 17.7450 17.3658 18.0767 15.8958 17.1600 16.9258 15.1842 14.2450 12.5467
Median 22.9333 27.2500 21.9583 21.5917 20.5000 19.0750 18.6250 17.8417 17.1083 18.2500 16.4083 17.4333 16.4083 15.0500 13.5500 12.5833
Std. 
Deviation
9.64571 6.49794 3.75009 3.11426 2.80681 1.46517 1.08576 1.78269 1.56369 1.14371 1.86768 1.18049 1.74210 1.54285 2.24677 1.68284
Minimum 18.85 20.02 17.73 17.35 19.13 15.32 16.65 14.57 14.73 15.45 12.67 15.25 14.58 12.28 10.98 9.00
Maximum 52.48 49.42 33.40 30.18 30.18 22.62 20.50 20.83 20.55 20.57 18.83 18.82 20.28 18.03 17.80 15.67
Mean 38.2475 42.3608 37.9533 32.5658 35.3467 31.0492 28.5633 27.0242 26.5558 25.6683 23.2692 24.1642 23.3575 21.0817 21.5450 20.7583
Median 29.5583 36.3500 34.0833 31.6583 32.4000 28.8250 27.3333 24.0917 26.2833 25.3917 22.9333 23.7333 22.6500 21.2500 20.9083 20.8083
Std. 
Deviation
18.17658 16.54720 15.12220 9.11383 12.12545 9.28815 7.19434 6.85290 5.04911 5.23686 3.99712 3.39389 3.86018 2.33593 2.86254 3.05136
Minimum 21.08 24.93 22.03 21.78 22.48 21.22 20.77 20.38 20.67 19.85 18.98 20.30 19.48 18.17 18.30 16.85
Maximum 69.60 74.37 73.53 44.70 58.73 48.12 42.22 41.87 38.30 40.10 34.07 30.98 32.17 24.60 26.28 25.68
Mean 30.8003 44.7100 38.2306 33.4033 34.2361 31.8500 27.8853 26.9317 27.8697 28.5528 26.1528 28.1194 26.1456 23.4717 23.8747 23.1172
Median 25.4000 35.5083 32.9833 29.8417 29.7750 28.8250 25.6750 23.5250 26.2833 25.3917 22.9333 23.7333 22.6500 21.2500 20.9083 20.8083
Std. 
Deviation
13.27429 20.48282 16.94731 12.29754 13.30613 12.95654 9.87859 9.34255 10.41015 11.43005 11.51690 12.12815 9.98376 8.98110 9.91941 10.55355
Minimum 18.85 20.02 17.73 17.35 19.13 15.32 16.65 14.57 14.73 15.45 12.67 15.25 14.58 12.28 10.98 9.00
Maximum 69.60 114.33 84.05 71.25 61.18 63.48 53.23 47.25 50.98 57.28 58.18 59.88 50.15 48.68 50.47 50.42
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Figure 7: Mean Elongate MC (%) by Treatment vs Time 
 
4.1.3. Inferential statistics 
 
A mixed between-within group analysis of variance is conducted to assess the effects of the three 
treatment methods (WST, OET, and CFT) on MC across the 16 measurement sets (Appendix C). 
There is a significant interaction between time and treatment (Wilk’s lambda = 0.058, F (30. 86) = 
9.083, p = 0.000, Partial Eta Squared = 0.760). This interaction effect demonstrates that the three 
treatment methods do not affect changes in MC in the same way. As described above, two 
treatments show a steady decline whereas one treatment shows a dramatic increase.  
 
Box’s Test of Equality of Covariance Matrices confirmed that the variables are equal across groups 
at p < 0.05 (sig = 0.000). This significant test result confirms the assumption made to use ANOVA 
analysis using multivariate testing. Box’s M test between groups is significant at sig = 0.000, 
indicating a lack of homogeneity between the MC in the elongate part for all three groups. An initial 
variability brought in when the MC was measured a day after the samples were delivered. The MC 
between the groups continued to measure differently through-out the research process. 
 
The tests of within-subject contrasts compare one level with its subsequent level, i.e. the first level 
(level 1) of time*treatment contrast with the second level (level 2) of time*treatment, as shown in 
Figure 9 and Table 2. The first level of independent variable, time, corresponds to the observed 
first level of treatment. The above level contrasts test the hypothesis that the mean of the specified 
contrast is significant at p < 0.05 (level 1 vs level 2 at sig = 0.000, level 3 vs level 4 at sig = 0.015, 
etc.), while other specified mean contrast cannot be significantly compared at p > 0.05 (level 2 vs 
level 3 at sig = 0.547, level 4 vs level 5 at sig = 0.092, etc.). 
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Table 2: Test of Within-Subject Contrasts 
Time* Treatment Type III Sum of 
Squares 
df Mean Square F Sig Partial Eta 
Squared 
Level 1 vs. Level 2 14209.594 2 7104.797 49.588 0.000 0.635 
Level 2 vs. Level 3 187.312 2 93.656 0.610 0.547 0.021 
Level 3 vs. Level 4 614.831 2 307.416 4.532 0.015 0.137 
Level 4 vs. Level 5 130.168 2 65.084 2.484 0.092 0.080 
Level 5 vs. Level 6 145.481 2 72.740 2.859 0.066 0.091 
Level 6 vs. Level 7 706.414 2 353.207 17.789 0.000 0.384 
Level 7 vs. Level 8 10.660 2 5.330 0.336 0.716 0.012 
Level 8 vs. Level 9 222.621 2 111.311 11.471 0.000 0.287 
Level 9 vs. Level 10 96.952 2 48.476 3.621 0.033 0.113 
Level 10 vs. Level 11 1.929 2 0.964 0.104 0.901 0.004 
Level 11 vs. Level 12 95.793 2 47.896 10.689 0.000 0.273 
Level 12 vs. Level 13 256.787 2 128.394 10.273 0.000 0.265 
Level 13 vs. Level 14 55.943 2 27.971 4.557 0.015 0.138 
Level 14 vs. Level 15 68.972 2 34.486 6.089 0.004 0.176 
Level 15 vs. Level 16 36.538 2 18.269 2.588 0.084 0.083 
 
The contrast is significant at sig = 0.000 between levels 1 and 2, meaning there is no similarities in 
the MC absorption between groups. Contrast between levels 2 vs 3 is not significant at sig = 0.547, 
meaning there is no differences in the MC loss. A further test of between-subjects effects is 
significant at sig = 0.000 between treatment groups with a Partial Eta Squared of 0.717. A mean 
difference pairwise comparison is significant at p < 0.05 for all three treatment groups. 
 
A pairwise comparison of all three treatment groups showed all groups had significantly different 
MC % (p < 0.05). This supports the graph showing WST to have higher elongate MC than CFT 
and OET, and CFT to have higher elongate MC than OET. Both OET, and CFT continues to display 
a similar rate or pattern of MC loss, despite the initial variability introduced at time 1.1. The 
pairwise comparison for all three treatment groups, when compared to each other, are found to have 
a significant mean difference at sig = 0.000 for all water absorption / desorption on the elongate 
part of the yielding pencil prop.  
 
4.2. Cracks by Treatment 
 
This section presents findings on average cracks as they develop (count), increase in length and 
width. Descriptive and inferential statistics analyse elongate cracks’ length (ELCL), elongate 
cracks' width (ELCW) and lastly, elongate cracks’ count (ELCC). These statistics are used to 
present and report the findings. All the treatment groups started with few cracks on the elongate 
and pod part of the E. grandis yielding pencil prop units. Those cracks were developed during the 
transportation period from the harvest to the treatment site. 
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4.2.1. Elongate Crack Length (ELCL) 
 
ELCL is an important measure for this research study because changes in ELMC, in particular, a 
decrease or loss within treatment groups over time, can lead to ELCL propagation. Developing 
cracks propagate in a longitudinal direction of the elongate part of the yielding pencil prop units. 
This section focuses on the average crack length increase on the elongate part of the E. grandis 
yielding pencil props for all three treatment groups during the entire research period.  
 
4.2.2. Descriptive Statistics 
 
A final average ELCL up to 16.13 cm (sd = 13.70) is measured at the end of WST in week 8.2 from 
the initial average ELCL of 3.76 cm (sd = 4.76) in week 1.1. This represents a net ELCL increase 
of 12.37 cm in the longitudinal direction, as shown in Table 3. OET measured an initial average 
ELCL of 8.41 cm (sd = 5.73) at week 1.1 which increased to an average length of 43.24 cm (sd = 
10.58) at week 8.2, indicating a net average increase of 34.83 cm. CFT also measured cracks 
averaging to a net increase of 11.57 cm when calculating the difference from the average 11.57 cm 
(sd = 6.40) at week 1.1 to an average of 42.41 cm (sd = 11.58) at week 8.2, see Table 3.  
 
Table 3: Trend for Mean Length of Elongate Cracks by Treatment 
 
 
Figure 8 visually represents WST as having the lowest rate of ELCL increase than OET and CFT. 
This treatment method, achieved a significantly lower average crack increase of up to 16.13 cm at 
1.1 1.2 2.1 2.2 3.1 3.2 4.1 4.2 5.1 5.2 6.1 6.2 7.1 7.2 8.1 8.2
Mean 3.7608 3.9458 4.1367 5.0417 5.3417 5.6583 5.7183 5.9775 6.1758 7.3358 8.4721 11.4671 12.8020 14.6424 15.5328 16.1271
Median 0.0000 0.0000 0.0000 4.4750 4.4750 9.0250 9.0250 9.3500 9.7500 10.1750 11.1500 12.6000 12.8125 14.3967 15.1375 15.1542
Std. 
Deviation
4.76101 4.99595 5.21304 5.20039 5.53903 5.29130 5.35531 5.59912 5.77857 6.34082 6.71774 8.72781 9.36126 11.74009 12.97237 13.69841
Minimum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Maximum 10.75 11.55 11.55 11.55 12.80 11.90 12.00 12.20 12.40 15.10 17.60 30.20 36.25 45.15 50.45 52.30
Mean 8.4092 9.4677 15.3863 16.9068 21.5779 24.2714 29.6530 31.4360 34.5855 37.5543 39.1205 40.9470 41.3810 41.9150 42.5470 43.2410
Median 11.2833 12.2667 13.1667 15.8800 20.0500 23.0400 28.5300 29.8600 31.0450 35.4725 39.1700 39.7800 40.2000 40.6100 41.1200 41.5000
Std. 
Deviation
5.72773 5.97705 5.94149 5.57313 7.60782 7.11129 7.81119 7.65216 7.76904 8.29581 8.66608 9.70409 9.81928 9.99380 10.27817 10.58393
Minimum 0.00 0.00 8.13 8.13 10.00 15.33 18.30 21.32 21.76 22.38 22.78 23.46 23.46 23.46 23.46 23.46
Maximum 14.20 18.43 28.40 30.60 39.53 44.60 49.98 50.60 52.12 53.62 54.24 64.30 64.30 64.30 64.30 64.30
Mean 11.5737 13.4216 15.9922 16.5477 19.4478 22.3132 26.6750 30.0740 32.5183 36.1348 37.0119 39.3770 38.5995 39.9043 41.1073 42.4073
Median 13.6875 14.6700 16.1133 16.6000 20.4750 23.4800 25.7400 29.1700 31.1100 33.5200 35.5600 40.0700 40.5800 42.0900 43.9500 46.0100
Std. 
Deviation
6.40115 7.81767 6.74367 6.93738 9.01912 8.99916 10.63529 9.77898 10.85363 11.96322 12.23106 13.01906 11.08792 11.15431 11.33871 11.58073
Minimum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 16.20 17.30 20.32 20.86 20.98 20.98 20.98 20.98 20.98
Maximum 19.40 26.30 26.30 26.30 37.30 37.30 45.50 47.04 50.60 61.80 64.90 68.00 54.88 54.88 56.08 57.28
Mean 7.9146 8.9450 11.8384 12.8320 15.4558 17.4143 20.6821 22.4958 24.4265 27.0083 28.2015 30.5970 30.9275 32.1539 33.0623 33.9251
Median 10.3500 10.8000 11.9583 14.1083 16.4633 18.1967 22.9800 24.1400 26.9775 29.0900 30.9100 31.5600 32.7400 34.0700 34.8200 36.3300
Std. 
Deviation
6.44438 7.38792 8.06150 8.06790 10.36815 11.05912 13.44127 14.09974 15.43430 16.68301 16.89884 17.20280 16.34701 16.52955 16.91785 17.34586
Minimum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Maximum 19.40 26.30 28.40 30.60 39.53 44.60 49.98 50.60 52.12 61.80 64.90 68.00 64.30 64.30 64.30 64.30
Total
Treatment
Descriptive 
Statistics
Week
N
20
20
20
60
Water 
sprinkling
Open 
environment
Concrete 
floor
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week 8.2, Table 3. Further analysis proves that although in some few instances, ELCL increases 
were out-of-pattern, OET overtook CFT at time 2.1 to 2.2, the two groups become significantly 
different. They both concluded with cracks that propagate to an average ELCL of above 42.41 cm.  
 
 
Figure 8: Mean Length of Elongate Cracks by Treatment vs Time 
 
4.2.3. Inferential Statistics 
 
A mixed between-within group analysis for the elongate part is conducted to assess the effects of 
the three treatment methods on ELCL across the 16 measurement sets (Appendix D). There is a 
significant interaction (p < 0.05) between time and treatment (Wilk’s lambda = 0.166, F (30.86) = 
4.178, sig = 0.000, Partial Eta Squared = 0.593. This interaction effect demonstrates that the three 
treatment methods do not affect ELCL increase in the same way. The two treatments (OET and 
CFT) show a steeper ELCL increase, while WST show a flatter ELCL increase. Box’s Test of 
Equality of Covariance Matrices confirmed that the variables are equal across groups at sig = 0.000, 
signifying a lack of homogeneity between ELCL increase for all three groups.  
 
Tests of within-subject contrasts between levels are also conducted, Table 4. The within-subject 
contrasts test the hypothesis that the mean of specified contrast is significant at p < 0.05 between 
level 1 vs level 2 at sig = 0.024, level 2 vs level 3 at sig = 0.001, etc. indicating a significant behavior 
pattern or out-of-pattern observations. Similarly, Table 4 shows a non-significant or similar pattern 
at p > 0.05 between level 3 vs level 4 at sig = 0.718, level 10 vs level 11 at sig = 0.729, etc.  
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Table 4: Tests of Within-Subject Contrasts 
Time* Treatment Type III Sum of 
Squares 
df Mean Square F Sig Partial Eta 
Squared 
Level 1 vs. Level 2 27.676 2 13.838 3.972 0.024 0.122 
Level 2 vs. Level 3 331.196 2 165.598 8.441 0.001 0.228 
Level 3 vs. Level 4 9.548 2 4.774 0.333 0.718 0.012 
Level 4 vs. Level 5 193.362 2 96.681 10.421 0.000 0.268 
Level 5 vs. Level 6 81.167 2 40.583 4.356 0.017 0.133 
Level 6 vs. Level 7 319.099 2 159.550 12.898 0.000 0.312 
Level 7 vs. Level 8 98.614 2 49.307 7.961 0.001 0.218 
Level 8 vs. Level 9 95.006 2 47.503 6.386 0.003 0.183 
Level 9 vs. Level 10 64.837 2 32.418 5.474 0.007 0.161 
Level 10 vs. Level 11 4.846 2 2.423 0.318 0.729 0.011 
Level 11 vs. Level 12 13.682 2 6.841 0.431 0.652 0.015 
Level 12 vs. Level 13 44.945 2 22.472 1.192 0.311 0.040 
Level 13 vs. Level 14 17.251 2 8.626 2.240 0.116 0.073 
Level 14 vs. Level 15 3.270 2 1.635 1.143 0.326 0.039 
Level 15 vs. Level 16 5.834 2 2.917 2.653 0.079 0.085 
 
A further test of between-subject effects output is significant at sig = 0.000 between treatment 
groups. A mean pairwise comparison for ELCL is significant at p < 0.05 (sig = 0.000) when pairing 
WST with OET and WST with CFT groups. Pairwise comparison is not significant between OET 
and CFT at sig = 1.000. Between-subject effects (treatment methods) is significant at sig = 0.000, 
with a large F value of 55.998 and a large Partial Eta Squared of 0.663. 
 
4.3. Elongate Crack Width (ELCW) 
 
ELCW measurements are very important sets of measurements for this research study because 
changes in ELMC can result in an increase in ELCW. This section focuses on the average crack 
width increases on the elongate part of the E. grandis yielding pencil props for all three treatment 
groups during the entire research period.  
 
4.3.1. Descriptive Statistics 
 
At week 8.2, the average ELCW for WST measured 0.91 mm (sd = 0.54) against the initial 0.31 
mm (sd = 0.40) at week 1.1, indicating a net average width increase of 0.60 mm, Table 5. OET 
measured an initial average ELCW of 0.74 mm (sd = 0.51) at week 1.1 which increased to an 
average width of 5.13 mm (sd = 2.04) at week 8.2, indicating a net average width increase of 4.39 
mm. CFT measured an increased average ELCW from 0.95 mm (sd = 0.53) at week 1.1 to 5.23 mm 
(sd = 1.82) at week 8.2, indicating a net average width increase of 4.28 mm. 
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Table 5: Trend for Mean Width of Elongate Cracks by Treatment 
 
 
Figure 9 clearly display similar average higher rate ELCW increase for both OET and CFT against 
a low average rate ELCW increase for WST. OET width increase overtook CFT at time 2.1 to 2.2, 
when the two groups become significantly different (sig = 0.28). They both concluded with an 
average width cracks of above 5.00 mm. WST concluded with an average ELCW increase below 
1.00 mm. All group samples measured an average width of less than 1.00 mm at week 1.1 but WST 
ended with an average width of less than 1.00 mm, while both OET and CFT concluded with an 
average width of more than 5.00 mm after eight weeks of the research period. 
 
 
Figure 9: Mean Width of Elongate Cracks by Treatment vs Time 
 
1.1 1.2 2.1 2.2 3.1 3.2 4.1 4.2 5.1 5.2 6.1 6.2 7.1 7.2 8.1 8.2
Mean 0.3088 0.3313 0.3488 0.4275 0.4448 0.4698 0.4796 0.4796 0.4898 0.5762 0.6201 0.7457 0.8049 0.8767 0.9012 0.9127
Median 0.0000 0.0000 0.0000 0.2750 0.2750 0.6625 0.6625 0.6625 0.6625 0.8417 0.8292 0.9658 0.9913 1.0533 1.0658 1.0658
Std. 
Deviation
0.39800 0.42638 0.44635 0.44815 0.46552 0.44346 0.45375 0.45375 0.46572 0.48898 0.48842 0.47330 0.47578 0.50757 0.52792 0.53540
Minimum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Maximum 0.95 1.00 1.00 0.98 1.00 1.00 1.00 1.00 1.07 1.15 1.30 1.35 1.52 1.74 1.84 1.84
Mean 0.7346 0.8040 1.1351 1.3850 1.5573 1.9828 2.1897 2.7841 3.2337 4.0273 4.1570 4.4876 4.6058 4.6733 4.8032 5.1250
Median 0.9442 1.0367 1.1638 1.3350 1.6005 1.9030 2.1150 2.6170 3.0463 3.8460 3.9260 4.1460 4.3770 4.5220 4.6010 4.7810
Std. 
Deviation
0.50717 0.50222 0.26025 0.48738 0.48196 0.78252 0.89989 1.01517 1.17494 1.48087 1.48612 1.66802 1.73738 1.75791 1.84416 2.04089
Minimum 0.00 0.00 0.65 0.37 0.56 0.56 0.63 0.99 1.04 1.20 1.33 1.70 1.72 1.72 1.73 1.82
Maximum 1.30 1.30 1.57 2.65 2.41 3.73 4.24 4.94 5.64 7.32 7.32 8.11 8.48 8.48 8.67 9.68
Mean 0.9511 1.0425 1.2260 1.2238 1.4997 1.7188 2.0046 2.5710 2.9142 3.7807 3.9609 4.4366 4.4321 4.5844 4.6639 5.2262
Median 1.2200 1.2225 1.2567 1.2733 1.4617 1.4870 1.7400 2.2640 2.7230 3.7683 4.0950 4.6870 4.7835 4.9070 4.9810 5.5510
Std. 
Deviation
0.52624 0.57698 0.56025 0.53789 0.74591 0.94544 1.18199 1.29427 1.35121 1.62389 1.61450 1.89385 1.70635 1.73051 1.69327 1.82444
Minimum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.49 0.74 0.99 1.09 1.10 1.15 1.21 1.44 1.51
Maximum 1.84 1.84 2.12 2.25 2.88 3.59 4.09 5.24 5.89 7.34 7.34 8.14 6.88 7.22 7.47 8.24
Mean 0.6648 0.7259 0.9033 1.0121 1.1673 1.3905 1.5580 1.9449 2.2126 2.7947 2.9127 3.2233 3.2809 3.3781 3.4561 3.7546
Median 0.8708 0.9500 0.9975 1.0550 1.1320 1.2992 1.4468 1.9740 2.2860 2.8620 3.1860 3.3170 3.4100 3.5150 3.6000 3.8510
Std. 
Deviation
0.54353 0.57950 0.58720 0.64228 0.76795 0.99560 1.17223 1.42725 1.62138 2.03604 2.07520 2.29017 2.25943 2.28592 2.33038 2.57179
Minimum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Maximum 1.84 1.84 2.12 2.65 2.88 3.73 4.24 5.24 5.89 7.34 7.34 8.14 8.48 8.48 8.67 9.68
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4.3.2. Inferential Statistics 
 
A mixed between-within group analysis for the elongate part is conducted to assess the effects of 
the three treatment methods on ELCW across the 16 measurement sets (Appendix E). There is a 
significant interaction (p < 0.05) between time and treatment (Wilk’s lambda = 0.090, F (30.86) = 
6.701, sig = 0.000, Partial Eta Squared = 0.700. This interaction effect demonstrates that the three 
treatment methods do not affect ELCW increase in the same way. Two treatments, OET and CFT, 
show a steeper ELCW increase, while WST show a lower ELCW increase. Box’s Test of Equality 
of Covariance Matrices confirmed that the variables are equal across groups at sig = 0.000, signifies 
a lack of homogeneity between ELCW increase for all three groups.  
 
Tests of within-subject contrasts between levels are conducted, as shown in Table 6. The within-
subject contrasts test the hypothesis that the mean of the specified contrast is significant at p < 0.05 
between level 2 vs level 3 at sig = 0.003, level 3 vs level 4 at sig = 0.028, etc. indicating a significant 
behaviour pattern or out-of-pattern observations, Figure 9. Similarly in Table 6, non-significant or 
similar patterns are at p > 0.05 between level 1 vs level 2 at sig = 0.328, level 6 vs level 7 at sig = 
0.089, etc.  
 
Table 6: Tests of Within-Subject Contrasts 
Time* Treatment Type III Sum of 
Squares 
df Mean Square F Sig Partial Eta 
Squared 
Level 1 vs. Level 2 0.050 2 0.025 1.135 0.328 0.038 
Level 2 vs. Level 3 0.985 2 0.492 6.289 0.003 0.181 
Level 3 vs. Level 4 0.662 2 0.331 3.818 0.028 0.118 
Level 4 vs. Level 5 0.678 2 0.339 6.875 0.002 0.194 
Level 5 vs. Level 6 1.604 2 0.802 6.427 0.003 0.184 
Level 6 vs. Level 7 0.808 2 0.404 2.524 0.089 0.081 
Level 7 vs. Level 8 4.498 2 2.249 26.953 0.000 0.486 
Level 8 vs. Level 9 2.103 2 1.051 3.473 0.038 0.109 
Level 9 vs. Level 10 7.426 2 3.713 32.008 0.000 0.529 
Level 10 vs. Level 11 0.190 2 0.095 2.886 0.064 0.092 
Level 11 vs. Level 12 1.238 2 0.619 4.554 0.015 0.138 
Level 12 vs. Level 13 0.151 2 0.075 0.326 0.723 0.011 
Level 13 vs. Level 14 0.091 2 0.046 2.791 0.070 0.089 
Level 14 vs. Level 15 0.111 2 0.056 2.792 0.070 0.089 
Level 15 vs. Level 16 3.051 2 1.525 27.737 0.000 0.493 
 
A test of between-subject effects output is significant at sig = 0.000 between treatment groups. 
Mean pairwise comparison for ELCW is significant at p < 0.05 (sig = 0.000) when pairing WST 
with OET and WST with CFT. Pairwise comparison is not significant between OET and CFT at 
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sig = 1.000. A between-subjects effects (treatment methods) is significant at sig = 0.000, with a 
large F value of 44.559 and a large Partial Eta Squared of 0.610. 
 
4.4. Elongate Crack Count (ELCC) 
 
ELCC measurements are very important sets of measurements for this research study because 
changes in ELMC can result in crack development. This section focuses on the average number 
(count) of cracks that develops for all three treatment groups on the elongate part of the E. grandis 
yielding pencil props during the entire research period. 
 
4.4.1. Descriptive Statistics 
 
Developing cracks were counted up to a maximum average of five. WST measured an average 
ELCC of 0.80 (sd = 1.11) at week 1.1 and further developed to 2.25 (sd = 1.65) at week 8.2, Table 
7. WST is the least to achieve the maximum average of 2.5 crack count at the end of the research 
period. OET and CFT both started with an average ELCC of 1.50 (sd = 1.19) and 1.75 (sd = 1.55) 
at week 1.1, ended with an average of 5.00 (sd = 0.00) and 4.45 (sd = 1.10) at week 8.2, respectively. 
OET attained its maximum average of five crack counts early in week 6.2 (week 6. day 2).  
 
Table 7: Trend for Count of Elongate Cracks by Treatment 
 
 
Figure 10 below visually displays the ELCC plateau attained for all three treatment methods. OET 
overtook CFT after one week of the research period between times 1.2 to 2.1, to achieve a maximum 
1.1 1.2 2.1 2.2 3.1 3.2 4.1 4.2 5.1 5.2 6.1 6.2 7.1 7.2 8.1 8.2
Mean 0.8000 0.8000 0.8000 1.0000 1.0000 1.2500 1.2500 1.2500 1.2500 1.4000 1.5500 1.9000 2.2000 2.2500 2.2500 2.2500
Median 0.0000 0.0000 0.0000 0.5000 0.5000 1.5000 1.5000 1.5000 1.5000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000
Std. 
Deviation
1.10501 1.10501 1.10501 1.12390 1.12390 1.25132 1.25132 1.25132 1.25132 1.27321 1.35627 1.44732 1.57614 1.65036 1.65036 1.65036
Minimum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Maximum 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 4.00 4.00 5.00 5.00 5.00 5.00
Mean 1.5000 1.7000 2.8000 3.5500 4.0500 4.5500 4.9000 4.9500 4.9500 4.9500 4.9500 5.0000 5.0000 5.0000 5.0000 5.0000
Median 2.0000 2.0000 3.0000 3.0000 4.5000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000
Std. 
Deviation
1.19208 1.38031 1.10501 1.14593 1.14593 0.99868 0.44721 0.22361 0.22361 0.22361 0.22361 0.00000 0.00000 0.00000 0.00000 0.00000
Minimum 0.00 0.00 1.00 2.00 2.00 2.00 3.00 4.00 4.00 4.00 4.00 5.00 5.00 5.00 5.00 5.00
Maximum 3.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
Mean 1.7500 1.9500 2.4000 2.9000 2.9000 3.3000 3.9000 4.1000 4.3000 4.3000 4.4000 4.4000 4.4500 4.4500 4.4500 4.4500
Median 1.0000 1.5000 2.5000 3.0000 3.0000 4.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000
Std. 
Deviation
1.55174 1.57196 1.60263 1.80351 1.80351 1.71985 1.68273 1.51831 1.26074 1.26074 1.23117 1.23117 1.09904 1.09904 1.09904 1.09904
Minimum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 1.00 1.00 2.00 2.00 2.00 2.00
Maximum 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
Mean 1.3500 1.4833 2.0000 2.4833 2.6500 3.0333 3.3500 3.4333 3.5000 3.5500 3.6333 3.7667 3.8833 3.9000 3.9000 3.9000
Median 1.0000 1.0000 2.0000 2.5000 3.0000 3.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000
Std. 
Deviation
1.33816 1.43198 1.54042 1.75143 1.86697 1.91308 1.97291 1.95168 1.91780 1.86334 1.83161 1.73075 1.63740 1.64368 1.64368 1.64368
Minimum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Maximum 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
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average crack count at time 6.2. CFT remains stable with an average of 4.45 crack count from time 
7.1 until the end, at time 8.2. 
 
 
Figure 10: Mean Trend for Count of Elongate Cracks vs Time 
 
4.4.2. Inferential Statistics  
 
A mixed between-within group analysis conducted for the elongate part suggests that there is an 
effect of the three treatment methods on ELCC across the 16 measurement sets (Appendix F). A 
significant interaction is at p < 0.05 between time and treatment (Wilk’s lambda = 0.253, F (26.90) 
= 3.422, sig = 0.000, Partial Eta Squared = 0.497. This interaction effect demonstrates that the three 
treatment methods do not affect ELCC development in the same way. The two treatments (OET 
and CFT) showed a steeper ELCC development, while WST shows lower ELCC development. 
Box’s Test of Equality of Covariance Matrices confirmed that the variables were equal across 
groups at sig = 0.000, indicating a lack of homogeneity between ELCC development for all three 
groups.  
 
Tests of within-subject contrasts between levels are conducted, Table 8. The within-subject 
contrasts test the hypothesis that the mean of the specified contrast are significant at p < 0.05 
between level 2 vs level 3 at sig = 0.001, level 4 vs level 5 at sig = 0.001, etc., indicating a significant 
behaviour pattern or out-of-pattern observations. Other specified mean contrasts cannot be 
significantly compared at p > 0.05 (level 1 vs level 2, sig = 0.402, level 3 vs level 4, at sig = 0.124, 
etc.)  
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Table 8: Tests of Within-Subject Contrasts 
Time* Treatment Type III Sum of 
Squares 
df Mean Square F Sig Partial Eta 
Squared 
Level 1 vs. Level 2 0.533 2 0.267 0.927 0.402 0.031 
Level 2 vs. Level 3 12.233 2 6.117 8.556 0.001 0.231 
Level 3 vs. Level 4 3.033 2 1.517 2.164 0.124 0.071 
Level 4 vs. Level 5 3.333 2 1.667 7.308 0.001 0.204 
Level 5 vs. Level 6 0.633 2 0.317 0.481 0.621 0.017 
Level 6 vs. Level 7 3.633 2 1.817 2.632 0.081 0.085 
Level 7 vs. Level 8 0.433 2 0.217 2.008 0.144 0.066 
Level 8 vs. Level 9 0.533 2 0.267 1.652 0.201 0.055 
Level 9 vs. Level 10 0.300 2 0.150 1.879 0.162 0.062 
Level 10 vs. Level 11 0.233 2 0.117 1.529 0.226 0.051 
Level 11 vs. Level 12 1.433 2 0.717 7.427 0.001 0.207 
Level 12 vs. Level 13 1.033 2 0.517 4.119 0.021 0.126 
Level 13 vs. Level 14 0.033 2 0.017 1.000 0.374 0.034 
Level 14 vs. Level 15 0.000 2 0.000    
Level 15 vs. Level 16 0.000 2 0.000    
 
A test of between-subject effects output is significant at sig = 0.000 between treatment groups. 
Mean pairwise comparison for ELCC is significant at p < 0.05 (sig = 0.000) when pairing WST 
with OET and WST with CFT. Pairwise comparison is not significant between OET and CFT at 
sig = 0.192. A between-subjects effects (treatment methods) is significant at sig = 0.000, with a 
large F value of 44.186 and a large Partial Eta Squared of 0.608. 
 
4.5. Pod Moisture Content (PMC) 
 
PMC is also an important measurement to be recorded because a decrease or loss in MC in 
treatments over time can lead to crack development and crack propagation. 
 
4.5.1. Descriptive Statistics 
 
There is an increase in PMC for the WST and a decrease in PMC for both OET and CFT, as shown 
in Table 9 and Figure 11. WST measured an initial average MC of 40.71% (sd = 9.13) at week 1.1 
and a spike increase in MC to 56.52% at week 1.2 (Table 9) and week 2 (Figure 11). WST ended 
with an increased average MC of 43.51% (sd = 11.40) in week 8.2. This represent a net gain MC 
of 2.80%. An oscillating water sorption isotherm pattern is observed during the entire research 
period.  
 
OET props appears to lose MC steadily over time, from the initial average MC of 40.05% (sd = 
10.77) at time 1.1 and ending with a final average MC of 12.66% (sd = 2.78) at week 8.2. This 
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indicates a net loss of 27.39%, as indicated in Table 9. Similarly, CFT props appears to lose 
moisture gradually over time, starting at an average MC of 46.45% (sd = 11.53) at week 1.1, 
declining to an average MC of 18.51% (sd = 3.06) at week 8.2, representing a net loss average MC 
of 27.91%, as shown in Table 9. 
 
Table 9: Trend for Pod MC by Treatment 
 
 
A visual representation of these values is presented in Figure 11. At time 1.1, WST and OET had 
similar mean MC because they both experienced a similar declining MC gradient for one day and 
one night while stored outside in their respective environment, before any treatment or 
measurements were taken. The time elapsed (one day and one night) allowed both sample groups 
(WST and OET) to an EMC with its environment.  
 
CFT preserved higher MC compared to WST and OET while stored for one day and one night in a 
shaded, enclosed and high humidity level environment. Figure 11 indicates a similar rate and 
pattern of MC loss for both CFT and OET methods during the entire research period, with few 
exceptions, where an out-of-pattern observations were recorded in times 2.2 to 3.1, 3.2 to 4.1, 4.1 
to 4.2 and 7.2 to 8.1. 
 
1.1 1.2 2.1 2.2 3.1 3.2 4.1 4.2 5.1 5.2 6.1 6.2 7.1 7.2 8.1 8.2
Mean 40.7125 56.5200 51.3158 52.5542 45.6808 45.0975 42.4542 43.5767 44.6117 46.3217 44.9750 49.7625 43.5283 37.7975 41.3100 43.5083
Median 37.7500 56.9750 54.2833 49.7750 44.5333 45.4333 40.3667 42.5250 45.7750 43.7833 45.9750 48.0750 45.0667 37.2583 38.7167 42.9083
Std. 
Deviation
9.13125 9.32289 8.22156 20.85307 8.05724 7.33101 9.38686 11.02623 10.38178 12.62152 11.69645 11.70193 8.58076 7.42609 8.66591 11.40028
Minimum 27.62 38.77 33.58 33.37 34.40 31.58 30.50 26.28 25.95 28.50 27.05 32.07 28.13 26.38 29.77 25.08
Maximum 61.95 79.63 60.72 132.73 65.73 60.60 68.38 65.37 69.17 74.68 67.60 75.13 58.38 51.92 63.12 67.40
Mean 40.0500 44.0733 32.7833 29.4392 28.6558 24.1450 23.7108 21.2908 20.2833 21.2725 17.3875 19.1775 18.0958 15.5367 14.4917 12.6625
Median 37.0750 44.0250 31.4333 25.9750 26.8417 23.2167 21.7917 20.3333 19.9917 20.7333 17.1250 18.8917 18.3667 14.6083 14.7000 12.4583
Std. 
Deviation
10.76516 13.08905 9.85820 9.44834 8.91902 7.48525 8.24519 6.48132 4.41353 5.98135 4.26296 4.09311 2.86389 3.18668 2.71441 2.78095
Minimum 23.92 24.93 19.80 18.48 18.78 16.45 15.83 13.45 14.72 15.13 11.48 13.60 14.15 11.97 10.27 9.08
Maximum 66.35 76.93 54.28 52.50 47.68 45.43 43.68 35.83 31.98 35.83 25.78 26.90 23.13 22.68 19.10 20.57
Mean 46.4483 45.2533 40.2358 33.9792 36.1067 29.1158 25.8308 25.7950 24.4100 24.4583 21.5542 22.2950 22.5592 19.3008 20.1475 18.5100
Median 41.8917 41.0000 35.4417 32.7250 34.3333 26.9417 24.3667 23.0667 24.4000 23.0833 21.0417 21.7667 20.7833 19.3667 19.4083 18.3583
Std. 
Deviation
11.52748 12.79947 11.00227 7.99195 9.86075 6.25754 5.24558 7.38375 3.69084 5.12747 3.57683 3.68958 4.69489 1.75784 3.58869 3.05588
Minimum 30.15 29.32 26.85 22.77 23.67 19.82 19.20 18.90 18.75 18.72 17.30 17.43 17.65 16.60 15.97 14.72
Maximum 69.78 71.57 66.73 49.13 55.00 42.40 39.23 46.35 33.43 39.43 31.13 34.77 33.47 23.38 31.47 29.03
Mean 42.4036 48.6156 41.4450 38.6575 36.8144 32.7861 30.6653 30.2208 29.7683 30.6842 27.9722 30.4117 28.0611 24.2117 25.3164 24.8936
Median 39.4583 48.7667 39.5917 36.5583 36.4667 31.6083 28.5833 26.3333 25.4667 25.7333 21.7167 22.8167 22.0000 19.9167 19.4083 18.4417
Std. 
Deviation
10.74043 12.95859 12.28830 17.05997 11.27911 11.36741 11.42619 12.82095 12.66036 14.04802 14.28175 15.68199 12.58857 10.87555 12.89153 15.14389
Minimum 23.92 24.93 19.80 18.48 18.78 16.45 15.83 13.45 14.72 15.13 11.48 13.60 14.15 11.97 10.27 9.08
Maximum 69.78 79.63 66.73 132.73 65.73 60.60 68.38 65.37 69.17 74.68 67.60 75.13 58.38 51.92 63.12 67.40
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Figure 11: Mean Pod MC by Treatment vs Time 
 
4.5.2. Inferential Statistics 
 
A mixed between-within group analysis for the pod part is also conducted to assess the effects of 
the three treatment methods on MC across the 16 measurement sets (Appendix G). There is a 
significant interaction (p < 0.05) between time and treatment (Wilk’s lambda = 0.062, F (30.86) = 
8.679, sig = 0.000, Partial Eta Squared = 0.752. This interaction effect demonstrates that the three 
treatment methods do not affect changes in MC in the same way. Two treatments (OET and CFT) 
show a steady decline whereas WST shows MC increase. 
 
Box’s Test of Equality of Covariance Matrices confirmed that the variables are equal across groups 
at sig = 0.000, indicating a lack of homogeneity between MC on the pod part for all three groups. 
This variability occurs when MC is measured a day after the samples were delivered. MC between 
groups continued to measure differently through-out the research period. 
 
Tests of within-subject contrasts between levels are also conducted, as shown in Table 10. The 
within-subject contrasts tests the hypothesis that the mean of specified contrast is significant at p < 
0.05, indicating a significant behaviour pattern or out-of-pattern observations are recorded as in 
level 1 vs level 2, at sig = 0.000, level 2 vs level 3, at sig = 0.026 , level 5 vs level 6, at sig = 0.000, 
level 11 vs level 12, at sig = 0.007 and level 12 vs level 13, at sig = 0.000, level 13 vs level 14, at 
sig = 0.007, level 14 vs level 15, at sig = 0.000 and level 15 vs level 16, at sig = 0.001. 
 
Table 10 indicates non-significant or similar pattern at p > 0.05 as observed between several levels 
within-subject contrasts such as between level 3 vs level 4, at sig = 0.280, level 4 vs level 5, at sig 
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= 0.107, level 6 vs level 7, at sig = 0.083, level 7 vs level 8, at sig = 0.198, level 8 vs level 9, at sig 
= 0.333, level 9 vs level 10, at sig = 0.513 and level 10 vs level 11, at sig = 0.138. 
 
Table 10: Tests of Within-Subject Contrasts 
Time* Treatment Type III Sum of 
Squares 
df Mean Square F Sig Partial Eta 
Squared 
Level 1 vs. Level 2 3034.551 2 1517.275 31.049 0.000 0.521 
Level 2 vs. Level 3 509.443 2 254.722 3.896 0.026 0.120 
Level 3 vs. Level 4 571.047 2 285.523 1.304 0.280 0.044 
Level 4 vs. Level 5 843.840 2 421.920 2.323 0.107 0.075 
Level 5 vs. Level 6 417.545 2 208.772 8.985 0.000 0.240 
Level 6 vs. Level 7 89.463 2 44.731 2.601 0.083 0.084 
Level 7 vs. Level 8 130.502 2 65.251 1.664 0.198 0.055 
Level 8 vs. Level 9 67.805 2 33.902 1.121 0.333 0.038 
Level 9 vs. Level 10 27.773 2 13.886 0.675 0.513 0.023 
Level 10 vs. Level 11 65.540 2 32.770 2.050 0.138 0.067 
Level 11 vs. Level 12 176.408 2 88.204 5.486 0.007 0.161 
Level 12 vs. Level 13 470.586 2 235.293 12.265 0.000 0.301 
Level 13 vs. Level 14 111.077 2 55.539 5.467 0.007 0.161 
Level 14 vs. Level 15 209.706 2 104.853 10.934 0.000 0.277 
Level 15 vs. Level 16 206.474 2 103.237 7.594 0.001 0.210 
 
A further test of between-subject effects output is significant at sig = 0.000 between treatment 
groups. A mean pairwise comparison is significant at p < 0.05 when pairing WST with OET and 
WST with CFT. Pairwise comparison is not significant between OET and CFT at sig = 0.101. 
Between subject effects (treatment methods) is significant at sig = 0.000, with a large F value of 
59.432 and a large Partial Eta Squared of 0.676. 
 
4.6. Pod Crack Length (PCL) 
 
PCL is an important measurement in this research study because a decrease or loss in PMC in 
treatment groups over time can lead to PCL propagation. The developing cracks propagates in a 
longitudinal direction of the pod part on the yielding pencil prop units. 
 
4.6.1. Descriptive Statistics 
 
WST measured an initial average PCL of 8.06 cm (sd = 3.72) at week 1.1, which increased to an 
average of 18.03 cm (sd = 4.60) at week 8.2, indicating a net average increase of 9.97 cm, as shown 
Table 11. OET measured an initial average PCL of 9.61 cm (sd = 4.37) at week 1.1 and ended 
measuring an average of 23.22 cm (sd = 4.23) at week 8.2, indicating a net average increase of 
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13.61 cm. CFT started with PCL averaging 9.56 cm (sd = 5.13) at week 1.1 and increased to an 
average of 21.26 cm (sd = 3.97) at week 8.2, indicating a net average increase of 11.7 cm. 
 
Table 11: Trend for Mean Length of Pod Cracks by Treatment 
 
 
The average PCL propagation for all three treatment groups is visually represented in Figure 12. 
CFT had a higher rate of crack increase until after time 6, when OET measured an accelerated 
average crack increase against CFT. WST had the lowest rate of average PCL increase when 
compared with OET and CFT. WST achieved a significantly low average crack increase below 
20.00 cm while OET and CFT were above 20.00 cm, and attained a near horizontal or zero rate 
after time 12. 
 
1.1 1.2 2.1 2.2 3.1 3.2 4.1 4.2 5.1 5.2 6.1 6.2 7.1 7.2 8.1 8.2
Mean 8.0592 8.2500 9.6200 9.7225 10.0363 11.0861 12.5216 13.1114 13.6145 14.2395 14.4478 15.4283 16.2305 16.8872 17.3874 18.0299
Median 9.2750 9.4500 9.7833 9.7833 10.8333 11.8750 12.3500 13.0225 13.2200 13.7925 14.0900 15.2800 15.5900 16.7200 17.2400 17.8800
Std. 
Deviation
3.71585 3.82697 3.94520 3.92031 3.88134 3.31351 1.98630 1.98758 2.30143 2.55391 2.60145 3.08874 3.51239 3.95415 4.12761 4.60307
Minimum 0.00 0.00 0.00 0.00 0.00 0.00 9.68 9.68 10.76 11.06 10.66 11.22 11.22 10.98 10.98 10.98
Maximum 12.15 12.15 16.40 16.40 14.07 16.48 17.63 17.44 19.30 19.30 19.80 22.66 24.42 25.64 25.64 26.98
Mean 9.6064 10.8805 12.2611 14.1273 15.4138 17.0740 18.5270 19.4858 20.6550 21.8745 22.2978 23.1530 23.1590 23.1710 23.1860 23.2170
Median 11.1000 11.8000 12.2833 14.6733 16.0583 17.5875 18.2800 19.1400 20.2900 22.8000 23.2100 23.8400 23.8400 23.8400 23.8400 23.8400
Std. 
Deviation
4.36517 3.12352 2.06090 2.63471 2.82340 3.33202 3.85363 3.75232 3.87552 3.94191 3.91648 4.25785 4.25641 4.25267 4.24740 4.22945
Minimum 0.00 0.00 8.43 9.10 10.05 10.14 11.93 14.03 15.20 15.98 16.58 17.30 17.30 17.30 17.30 17.52
Maximum 13.53 14.47 15.50 18.54 21.02 21.52 25.10 25.40 27.72 29.76 30.48 31.18 31.18 31.18 31.18 31.18
Mean 9.5638 13.4253 15.3242 15.9157 16.9107 17.9997 17.4671 18.1119 19.0543 19.9828 20.2711 20.8408 20.8878 21.0358 21.1468 21.2568
Median 12.1500 13.5400 14.5208 15.6000 16.8900 17.7767 17.8000 18.4000 19.3550 19.9800 20.5000 21.6125 21.6125 21.6125 21.6125 21.6225
Std. 
Deviation
5.12571 4.09234 3.82307 3.64580 4.00207 4.40733 4.00125 4.05414 4.10676 4.29154 4.16880 4.03334 4.02956 3.98336 3.96511 3.97238
Minimum 0.00 0.00 9.73 10.00 9.52 10.02 10.22 11.16 11.38 11.62 11.70 12.00 12.00 12.00 12.00 12.00
Maximum 14.20 20.10 26.80 26.80 28.00 28.00 25.73 26.40 27.27 28.37 28.37 28.37 28.37 28.37 28.37 28.37
Mean 9.0764 10.8519 12.4018 13.2552 14.1203 15.3866 16.1719 16.9030 17.7746 18.6989 19.0055 19.8074 20.0924 20.3647 20.5734 20.8346
Median 10.6100 11.5625 12.4600 13.8750 14.2500 15.3967 15.5700 16.4100 17.1500 18.0225 18.4975 19.2900 19.5600 20.3000 20.7300 20.9900
Std. 
Deviation
4.42380 4.21799 4.07576 4.28402 4.62998 4.78702 4.26314 4.32773 4.60520 4.87378 4.89637 4.98059 4.84708 4.78441 4.71438 4.72404
Minimum 0.00 0.00 0.00 0.00 0.00 0.00 9.68 9.68 10.76 11.06 10.66 11.22 11.22 10.98 10.98 10.98
Maximum 14.20 20.10 26.80 26.80 28.00 28.00 25.73 26.40 27.72 29.76 30.48 31.18 31.18 31.18 31.18 31.18
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Figure 12: Mean Length of Pod Cracks by Treatment vs Time 
 
4.6.2. Inferential Statistics 
 
A mixed between-within group analysis for the pod part is conducted to assess the effects of the 
three treatment methods on PCL across the 16 measurement sets (Appendix H). There is a 
significant interaction (p < 0.05) between time and treatment (Wilk’s lambda = 0.173, F (30.86) = 
4.023, sig = 0.000, Partial Eta Squared = 0.584. This interaction effect demonstrates the three 
treatment methods do not affect average PCL increases in the same way. The two treatments (OET 
and CFT) show a steeper average PCL increase, while WST shows lower average PCL increase. 
Box’s Test of Equality of Covariance Matrices confirmed that the variables are equal across groups 
at sig = 0.000, indicating a lack of homogeneity between PCL increase for all three groups.  
 
Tests of within-subject contrasts between levels are also conducted, as indicated in Table 12. The 
within-subject contrasts test the hypothesis that the mean of specified contrast is significant at p < 
0.05 between level 1 vs level 2 at sig = 0.006, level 3 vs level 4 at sig = 0.000, etc. indicating a 
significant behaviour pattern or out-of-pattern observations. Similarly, in Table 12, there is a non-
significant or similar pattern at p > 0.05 between level 2 vs level 3 at = 0.759, level 5 vs level 6 at 
sig = 0.474, etc.  
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Table 12: Tests of Within-Subject Contrasts 
Time* Treatment Type III Sum of 
Squares 
df Mean Square F Sig Partial Eta 
Squared 
Level 1 vs. Level 2 142.280 2 71.140 5.676 0.006 0.166 
Level 2 vs. Level 3 3.657 2 1.828 0.277 0.759 0.010 
Level 3 vs. Level 4 33.166 2 16.583 17.726 0.000 0.383 
Level 4 vs. Level 5 9.966 2 4.983 3.783 0.029 0.117 
Level 5 vs. Level 6 4.671 2 2.335 0.757 0.474 0.026 
Level 6 vs. Level 7 52.108 2 26.054 2.807 0.069 0.090 
Level 7 vs. Level 8 1.584 2 0.792 1.327 0.273 0.044 
Level 8 vs. Level 9 4.588 2 2.294 2.233 0.117 0.073 
Level 9 vs. Level 10 3.535 2 1.767 2.804 0.069 0.090 
Level 10 vs. Level 11 0.472 2 0.236 0.475 0.624 0.016 
Level 11 vs. Level 12 1.773 2 0.886 1.178 0.315 0.040 
Level 12 vs. Level 13 8.041 2 4.020 15.345 0.000 0.350 
Level 13 vs. Level 14 4.619 2 2.309 12.288 0.000 0.301 
Level 14 vs. Level 15 2.641 2 1.321 11.647 0.000 0.290 
Level 15 vs. Level 16 4.425 2 2.212 16.403 0.000 0.365 
 
The test of between-subject effects output is significant at sig = 0.000 between treatment groups. A 
mean pairwise comparison for PCL is significant at p < 0.05 (sig = 0.000) when pairing WST with 
OET and WST with CFT. Pairwise comparison is not significant between OET and CFT at sig = 
1.000. A between-subject effects (treatment methods) is significant at sig = 0.000, with an F value 
of 20.528 and a large Partial Eta Squared of 0.419. 
 
4.7. Pod Crack Width (PCW) 
 
PCW measurements are very important sets of measurements in this research study because 
changes in PMC can result in increases in PCW. This section focuses on the average crack width 
increase on the pod part of the E. grandis yielding pencil props for all three treatment groups during 
the entire research period.  
  
4.7.1. Descriptive Statistics 
 
WST had an initial average PCW measuring 0.87 mm (sd = 0.41) at week 1.1, which increased to 
1.69 mm (sd = 0.32) at week 8.2, recording a net average increase of 0.82 mm, as shown in Table 
13. OET measured an initial average PCW of 0.98 mm (sd = 0.46) at week 1.1 which increased to 
an average width of 4.67 mm (sd = 1.51) at week 8.2, indicating a net average width increase of 
3.69 mm. CFT measured an increased average PCW from 1.07 mm (sd = 0.65) at week 1.1 to 4.32 
mm (sd = 1.30) at week 8.2, indicating a net average width increase of 3.25 mm. 
 
     
  
71 
 
Group samples WST and OET measured an average width of less than 1.00 mm at week 1.1 except 
CFT which measured a little above 1.00mm. WST ended with an average width just above 1.50mm, 
while both OET and CFT concluded at an average width of more than 4.30 mm after eight weeks 
of the research period. 
 
Table 13: Trend Mean Width of Pod Cracks by Treatment 
 
 
Figure 13 below clearly display some similarities for average PCW increases for OET and CFT in 
many instances between levels. WST display a low average rate of PCW increase, ending below 
2.00 mm at time 8.2. Both OET and CFT display a significant behaviour or an out-of-pattern 
relationship from time 1.1 to time 2.2, but continues at a high rate average PCW increase concluding 
above 4.00 mm at time 8.2. 
 
 
1.1 1.2 2.1 2.2 3.1 3.2 4.1 4.2 5.1 5.2 6.1 6.2 7.1 7.2 8.1 8.2
Mean 0.8680 0.8746 1.0320 1.0523 1.0272 1.1362 1.1729 1.2229 1.2874 1.3452 1.3694 1.4739 1.5425 1.5891 1.6263 1.6863
Median 0.9817 0.9817 1.1117 1.1413 1.1160 1.1853 1.1870 1.2163 1.2654 1.3060 1.3610 1.4457 1.4980 1.5380 1.5593 1.6290
Std. 
Deviation
0.40946 0.41262 0.38863 0.39146 0.38194 0.30917 0.16231 0.15015 0.15086 0.15232 0.12955 0.16860 0.20076 0.22999 0.23614 0.31477
Minimum 0.00 0.00 0.00 0.00 0.00 0.00 0.83 0.98 1.02 1.15 1.19 1.23 1.26 1.26 1.26 1.26
Maximum 1.30 1.30 1.52 1.52 1.52 1.57 1.47 1.47 1.66 1.72 1.62 1.86 1.96 2.10 2.18 2.60
Mean 0.9798 1.1282 1.2571 1.5492 1.7694 1.9329 2.6070 3.0560 3.3458 3.8870 3.9102 4.2733 4.3434 4.3783 4.4906 4.6682
Median 1.1300 1.1808 1.2157 1.3997 1.6627 1.8260 2.1550 2.7160 3.0810 3.6943 3.6650 3.8680 3.9730 3.9730 3.9810 4.1170
Std. 
Deviation
0.45522 0.31476 0.31075 0.50385 0.60329 0.68292 1.12926 1.15525 1.16348 1.25738 1.26692 1.35393 1.36452 1.39229 1.43856 1.51310
Minimum 0.00 0.00 0.88 0.94 0.97 0.79 0.95 1.21 1.64 1.96 2.23 2.24 2.24 2.24 2.38 2.38
Maximum 1.49 1.49 2.00 2.87 3.61 3.94 5.47 5.98 6.26 7.06 7.15 8.01 8.01 8.23 8.37 8.75
Mean 1.0651 1.4023 1.6073 1.6320 1.7791 1.9690 1.9928 2.3732 2.5777 3.2413 3.3613 3.7993 3.9013 3.9588 4.0497 4.3235
Median 1.1567 1.3900 1.6550 1.6500 1.8513 1.8390 1.9380 2.2230 2.4970 3.2160 3.2500 3.4820 3.7450 3.7450 3.8293 4.1160
Std. 
Deviation
0.64687 0.48523 0.40970 0.37810 0.49406 0.73339 0.79090 0.80907 0.84965 0.96091 1.02910 1.22762 1.22334 1.23227 1.25344 1.30036
Minimum 0.00 0.00 0.65 0.65 0.65 0.46 0.45 0.96 1.06 1.39 1.44 1.52 1.52 1.64 1.78 2.08
Maximum 2.09 2.12 2.27 2.22 2.59 3.15 3.38 3.90 4.12 5.20 5.33 5.97 6.20 6.35 6.60 7.01
Mean 0.9710 1.1350 1.2988 1.4112 1.5252 1.6794 1.9242 2.2174 2.4036 2.8245 2.8803 3.1822 3.2624 3.3087 3.3888 3.5593
Median 1.1033 1.1692 1.2830 1.3067 1.4379 1.5655 1.7538 2.0970 2.2470 2.8950 2.9577 3.2730 3.3970 3.4710 3.5610 3.7010
Std. 
Deviation
0.51196 0.45801 0.43678 0.49375 0.60740 0.71022 0.98568 1.10894 1.18711 1.41325 1.44056 1.61451 1.62225 1.63210 1.67420 1.76569
Minimum 0.00 0.00 0.00 0.00 0.00 0.00 0.45 0.96 1.02 1.15 1.19 1.23 1.26 1.26 1.26 1.26
Maximum 2.09 2.12 2.27 2.87 3.61 3.94 5.47 5.98 6.26 7.06 7.15 8.01 8.01 8.23 8.37 8.75
Week
N
20
20
20
60
Water 
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Concrete 
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Figure 13: Mean Width of Pod Cracks by Treatment vs Time 
 
4.7.2. Inferential Statistics 
 
A mixed between-within group analysis for the pod part is conducted to assess the effects of the 
three treatment methods on PCW across the 16 measurement sets (Appendix I). There is a 
significant interaction (p < 0.05) between time and treatment (Wilk’s lambda = 0.075, F (30.86) = 
7.573, sig = 0.000, Partial Eta Squared = 0.725. This interaction effect demonstrates the three 
treatments do not effect PCW increase in the same way. The two treatments (OET and CFT) show 
a steeper PCW increase, while WST shows a lower PCW increase. Box’s Test of Equality of 
Covariance Matrices confirmed that the variables are equal across groups at sig = 0.000, indicating 
a lack of homogeneity between PCW increase for all three groups.  
 
Tests of within-subject contrasts between levels are conducted, as shown in Table 6 and Figure15. 
The within-subject contrasts test the hypothesis that the mean of specified contrast is significant at 
p < 0.05 between level 1 vs level 2 at sig = 0.011, level 3 vs level 4 at sig = 0.000, etc., Indicating 
a significant behaviour pattern or out-of-pattern observations. There is a non-significant or similar 
pattern at p > 0.05 between level 2 vs level 3 at sig = 0.785, level 5 vs level 6 at sig = 0.628, etc.  
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Table 14: Tests of Within-Subject Contrasts 
Time* Treatment Type III Sum of 
Squares 
df Mean Square F Sig Partial Eta 
Squared 
Level 1 vs. Level 2 1.100 2 0.550 4.859 0.011 0.146 
Level 2 vs. Level 3 0.059 2 0.030 0.243 0.785 0.008 
Level 3 vs. Level 4 0.969 2 0.485 12.893 0.000 0.311 
Level 4 vs. Level 5 0.635 2 0.317 7.032 0.002 0.198 
Level 5 vs. Level 6 0.068 2 0.034 0.468 0.628 0.016 
Level 6 vs. Level 7 5.530 2 2.765 14.546 0.000 0.338 
Level 7 vs. Level 8 1.821 2 0.911 32.471 0.000 0.533 
Level 8 vs. Level 9 0.517 2 0.259 16.064 0.000 0.360 
Level 9 vs. Level 10 4.104 2 2.052 48.109 0.000 0.628 
Level 10 vs. Level 11 0.124 2 0.062 2.421 0.098 0.078 
Level 11 vs. Level 12 1.224 2 0.612 11.953 0.000 0.295 
Level 12 vs. Level 13 0.014 2 0.007 0.748 0.478 0.026 
Level 13 vs. Level 14 0.005 2 0.003 0.607 0.548 0.021 
Level 14 vs. Level 15 0.060 2 0.030 3.496 0.037 0.109 
Level 15 vs. Level 16 0.458 2 0.229 13.791 0.000 0.326 
 
A test of between-subject effects output is significant at sig = 0.000 between treatment groups. 
Mean pairwise comparison for PCW is significant at p < 0.05 (sig = 0.000) when pairing WST with 
OET and WST with CFT. Pairwise comparison is not significant between OET and CFT at sig = 
0.622. A between-subjects effects (treatment methods) is significant at sig = 0.000, with a large F 
value of 33.656 and a large Partial Eta Squared of 0.541. 
 
4.8. Pod Crack Count (PCC) 
 
PCC measurements are very important sets of measurements in this research study because changes 
in PMC can result in crack development. This section focuses on the average number (count) of 
cracks that developed for all three treatment groups on the pod part of the E. grandis yielding pencil 
props during the entire research period. 
 
4.8.1. Descriptive Statistics 
 
Developing pod cracks were counted up to a maximum average of five. WST measured an average 
PCC of 2.05 (sd = 1.19) at week 1.1, which further developed to 4.75 (sd = 0.55) at week 8.2, as 
shown in Table 15. OET measured an average PCC of 2.20 (sd = 1.32) at week 1.1 and reached the 
average maximum of 5.00 count (sd = 0.00) at week 8.2. CFT started with an average PCC of 2.00 
(sd = 1.38) at week 1.1 and further developed an average PCC of 4.70 (sd = 0.66) at week 8.2. 
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Table 15: Trend for Count of Pod Cracks by Treatment 
 
 
The average PCC for all three treatment groups is visually displayed below in Figure 14. Both OET 
and CFT displayed non-significant or similar behaviour throughout the entire research period with 
OET reaching a maximum average of five counts at time 6.2. WST and CFT were non-significant 
at time 6.1, attaining an equal average amount of PCC (4.70) and remaining constant until time 8.2.  
 
 
Figure 14: Mean Trend for Count of Pod Cracks vs Time 
 
 
 
1.1 1.2 2.1 2.2 3.1 3.2 4.1 4.2 5.1 5.2 6.1 6.2 7.1 7.2 8.1 8.2
Mean 2.0500 2.1000 2.3000 2.3500 2.6500 3.0500 3.7000 3.7500 4.3500 4.3500 4.7000 4.7000 4.7000 4.7500 4.7500 4.7500
Median 2.0000 2.5000 3.0000 3.0000 3.0000 3.0000 4.0000 4.0000 4.5000 4.5000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000
Std. 
Deviation
1.19097 1.20961 1.17429 1.22582 1.26803 1.19097 0.86450 0.91047 0.74516 0.74516 0.65695 0.65695 0.65695 0.55012 0.55012 0.55012
Minimum 0.00 0.00 0.00 0.00 0.00 0.00 2.00 2.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Maximum 4.00 4.00 4.00 4.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
Mean 2.2000 2.7500 3.8500 3.8500 4.1500 4.6500 4.9000 4.9000 4.9000 4.9000 4.9500 5.0000 5.0000 5.0000 5.0000 5.0000
Median 2.0000 3.0000 4.0000 4.0000 4.5000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000
Std. 
Deviation
1.32188 1.16416 1.08942 1.08942 0.98809 0.67082 0.30779 0.30779 0.30779 0.30779 0.22361 0.00000 0.00000 0.00000 0.00000 0.00000
Minimum 0.00 0.00 2.00 2.00 2.00 3.00 4.00 4.00 4.00 4.00 4.00 5.00 5.00 5.00 5.00 5.00
Maximum 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
Mean 2.0000 2.7000 3.3000 3.7500 3.8000 4.1000 4.6500 4.7000 4.7000 4.7000 4.7000 4.7000 4.7000 4.7000 4.7000 4.7000
Median 2.0000 3.0000 3.5000 4.0000 4.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000
Std. 
Deviation
1.37649 1.34164 1.17429 1.16416 1.19649 1.20961 0.67082 0.65695 0.65695 0.65695 0.65695 0.65695 0.65695 0.65695 0.65695 0.65695
Minimum 0.00 0.00 1.00 1.00 1.00 1.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Maximum 4.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
Mean 2.0833 2.5167 3.1500 3.3167 3.5333 3.9333 4.4167 4.4500 4.6500 4.6500 4.7833 4.8000 4.8000 4.8167 4.8167 4.8167
Median 2.0000 3.0000 3.0000 3.0000 4.0000 4.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000
Std. 
Deviation
1.27946 1.25538 1.29961 1.33393 1.30795 1.23325 0.82937 0.83209 0.63313 0.63313 0.55515 0.54617 0.54617 0.50394 0.50394 0.50394
Minimum 0.00 0.00 0.00 0.00 0.00 0.00 2.00 2.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Maximum 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
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4.8.2. Inferential Statistics  
 
It should be noted that Box’s Test of Equality of Covariance Matrices is not computed because 
there are fewer than two non-singular cell covariance matrices. 
 
A mixed between-within group analysis conducted for the elongate part suggests that there is an 
effect of the three treatment methods on PCC across the 16 measurement sets (Appendix J). A 
significant interaction is at p < 0.05 between time and treatment (Wilk’s lambda = 0.303, F (22.94) 
= 3.487, sig = 0.000, Partial Eta Squared = 0.449. This interaction effect demonstrates that the three 
treatment methods do not affect PCC development in the same way. All treatment methods were 
similarly steeper up to time 4.1. The two treatments (WST and CFT) become insignificant from 
time 6.1.  
 
Tests of within-subject contrasts between levels are conducted, as indicated in Table 16. The 
within-subject contrasts test the hypothesis that the mean of specified contrast is significant at p < 
0.05 between level 1 vs level 2 at sig = 0.032, level 2 vs level 3 at sig = 0.006, etc., indicating a 
significant behavior pattern or out-of-pattern observations. Other specified mean contrasts cannot 
be significantly compared at p > 0.05 between level 4 vs level 5 at sig = 0.178, level 5 vs level 6 at 
sig = 0.702, etc.  
 
Table 16: Tests of Within-Subject Contrasts 
Time* Treatment Type III Sum of 
Squares 
df Mean Square F Sig Partial Eta 
Squared 
Level 1 vs. Level 2 4.633 2 2.317 3.658 0.032 0.114 
Level 2 vs. Level 3 8.133 2 4.067 5.545 0.006 0.163 
Level 3 vs. Level 4 2.433 2 1.217 8.778 0.000 0.235 
Level 4 vs. Level 5 0.833 2 0.417 1.779 0.178 0.059 
Level 5 vs. Level 6 0.400 2 0.200 0.356 0.702 0.012 
Level 6 vs. Level 7 1.733 2 0.867 1.198 0.309 0.040 
Level 7 vs. Level 8 0.033 2 0.017 0.500 0.609 0.017 
Level 8 vs. Level 9 4.800 2 2.400 10.688 0.000 0.273 
Level 9 vs. Level 10 0.000 2 0.000    
Level 10 vs. Level 11 1.433 2 0.717 5.447 0.007 0.160 
Level 11 vs. Level 12 0.033 2 0.017 1.000 0.374 0.034 
Level 12 vs. Level 13 0.000 2 0.000    
Level 13 vs. Level 14 0.033 2 0.017 1.000 0.374 0.034 
Level 14 vs. Level 15 0.000 2 0.000    
Level 15 vs. Level 16 0.000 2 0.000    
 
A test of between-subject effects output is significant at sig = 0.000 between treatment groups. 
Mean pairwise comparison for PCC is significant at p < 0.05 (sig = 0.000) when pairing WST with 
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OET and WST with CFT. Pairwise comparison is not significant between OET and CFT at sig = 
0.386. Between-subject effects (treatment methods) are significant at sig = 0.000, with a small F 
value of 9.045 and a large Partial Eta Squared of 0.241. 
 
4.9. Rejection by Treatment 
 
Cracks of more than 10 mm wide and longer than 1/3 of the longitudinal dimension or to the length 
of the pencil prop, are viewed as criteria indicating physical deterioration. These are used by timber 
unit suppliers as rejection criteria of E. grandis yielding pencil props. The sampled units are 140 
cm long, meaning they are rejected when any crack has propagated for more than 46.7 cm and 
wider than 10 mm. 
 
4.9.1. Water Sprinkling Treatment 
 
At the end of the study period, no cracks reached the rejection criteria in terms of length and width. 
The cracks measured could not be longer or wider when compared with the initial measured crack 
sizes. The minor crack development and propagation could be attributed to the multiple times the 
water sprinkling had to be stopped during MC and crack measurements and recording. 
 
Greenish fungal decay patches which are slippery when touched and rubbed between fingers, were 
observed during the experiment, as shown in Figure 15. Fungal growth results in all situations 
during water sprinkling of timber, a problem reported by the mining industry when supplied with 
timber stored under a water sprinkling storage method. Fungal growth is caused when a film of 
water covering the surface of timber units’ causes an anaerobic condition which is interrupted 
during stoppages for data measurements. 
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Figure 15: Fungal Decay 
 
4.9.2. Open environment Treatment 
 
As shown in Table 17, the first rejection of two units started at week 5, after the tenth set of repeated 
measurement recordings, when the mean MC for elongate part is 18.1 %. A total of six yielding 
pencil props are rejected at the end of the research period, with a final 12.5 % mean MC. 
 
Table 17: Rejected E. Grandis Yielding Pencil Props 
 
4.9.3. Average Temperature and Relative Humidity for WST and OET 
 
A line graph, shown in Figure 16 indicates the average atmospheric temperature (T) and average 
atmospheric humidity (H) during the experimental research period. These measurements are similar 
for both water sprinkling and open environment treatments. An overall declining atmospheric 
average humidity is recorded with the exception of few high recordings during the research period, 
Cumm % Week Label
5.2 A15 18.4 19.9 19.8 17.3 19.7 17.7 14.1 15.0 16.2 16.4 12.1 17.7 31.8 51.2 39.2 49.0 20.0 5.89 10.84 1.84 1.49 7.34 20.0 20.0 10.0 22.0 17.0 4.64 8.14 1.49 8.99 1.84
5.2 A18 15.4 16.4 17.0 16.8 17.2 17.6 23.0 15.2 19.8 20.5 27.7 16.4 55.0 21.5 46.8 30.3 44.0 10.84 6.59 2.39 8.99 1.84 25.0 25.0 23.6 24.0 21.0 6.59 7.34 3.14 5.89 4.09
6.2 A13 13.5 16.7 16.1 14.8 16.4 14.4 29.3 27.5 23.5 41.7 25.4 13.4 23.8 20.3 24.5 21.7 71.2 5.24 2.09 5.24 4.09 5.89 28.0 28.0 28.0 28.0 34.7 10.84 13.83 5.89 5.89 3.59
6.2 A16 19.2 18.9 16.5 19.1 20.0 19.2 18.9 18.7 18.5 14.8 20.1 20.5 32.8 76.4 50.3 31.5 7.1 0.90 10.84 2.39 3.14 1.30 7.0 26.5 26.9 15.5 18.8 1.64 5.89 2.39 0.45 0.85
25 7.2 A14 17.9 16.2 17.0 16.4 18.3 17.8 10.3 14.4 14.3 13.0 11.2 12.1 39.5 33.3 33.0 99.0 34.7 9.89 5.89 5.89 9.89 10.84 17.3 28.0 29.0 30.0 34.7 3.59 3.14 9.89 1.39 0.80
30 8.2 A1 12.5 12.0 10.2 10.9 11.4 9.7 15.7 9.6 20.3 10.1 16.1 10.7 54.9 35.7 94.3 41.3 51.7 2.74 11.99 12.48 7.34 2.39 26.0 23.4 26.0 15.3 26.5 4.09 2.09 4.09 6.59 2.39
W (mm)
Storage Method: Open Environment
Checking/Cracking
MC (%) Elongate Pod
Elongate Pod L (cm) W (mm) L (cm)
10
20
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making an average of 52.9 %. Atmospheric temperature remains fairly low from the start until to 
the end of the research period at 13.4 oC. 
 
 
Figure 16: Water Sprinkling and Open Environment Treatments (T & H) 
 
4.9.4. Concrete Floor Treatment 
 
The first rejection of five units is at week 5 (time 3.1), at the tenth set of repeated measurements, 
when the mean MC for elongate part is 25.7 %. A total of twelve yielding pencil props are rejected 
at the end of the study period, with a final 20.8 % mean MC, as shown in Table 18. 
 
Table 18: Rejected E. Grandis Yielding Pencil Props 
 
The average atmospheric humidity remains within 70%, with a few high and low measurements 
attributed to an average atmospheric humidity of 58.8%. Average atmospheric temperature remains 
at 12.6 oC throughout the research period, as shown in Figure 17. 
 
Cumm % Week Label
5.2 A1 20.2 21.3 22.6 21.3 21.4 20.1 22.2 20.0 33.2 24.9 30.7 26.4 78.0 59.5 24.2 41.0 21.3 10.84 4.64 2.74 2.09 2.74 14.0 25.7 30.0 11.4 22.8 3.59 1.84 2.74 2.39 4.09
5.2 A5 25.3 26.8 23.5 29.7 30.2 26.6 21.5 19.0 20.0 20.4 20.3 20.0 65.5 9.4 32.0 66.2 19.1 5.89 1.00 3.14 10.84 4.09 27.2 28.0 18.9 33.0 0.0 3.59 4.64 3.59 8.99 0.00
5.2 A16 23.8 25.5 26.9 26.5 39.3 29.5 23.8 25.2 21.0 28.5 19.0 33.9 24.8 39.2 23.9 110.0 0.0 2.09 1.22 5.89 10.84 0.00 31.2 32.3 10.0 0.0 0.0 2.39 8.14 0.40 0.00 0.00
5.2 A18 20.4 19.9 19.9 20.2 22.7 22.6 17.0 18.4 26.5 20.2 33.6 19.6 49.3 9.0 23.7 16.0 41.7 5.89 0.15 3.14 0.70 10.84 11.2 18.5 10.4 9.0 9.0 2.74 8.14 0.40 2.39 2.09
5.2 A20 22.5 24.7 27.3 21.4 23.4 22.3 48.8 26.3 21.1 20.5 43.5 23.4 58.6 12.0 44.0 89.0 34.0 10.84 0.45 5.89 4.64 1.15 23.0 20.0 29.0 13.5 14.0 4.09 6.59 6.59 2.09 2.74
30 6.2 A14 25.3 27.8 25.7 33.3 33.3 23.2 23.8 30.4 21.4 24.9 25.4 27.1 23.5 17.4 42.3 18.5 47.0 5.24 2.39 6.59 1.00 6.59 30.0 32.0 30.0 13.7 7.8 15.84 1.39 8.99 2.39 0.80
35 7.2 A4 21.2 24.4 23.3 26.2 27.1 25.4 17.4 18.9 19.8 19.7 18.9 20.3 17.0 86.0 0.0 0.0 0.0 3.59 10.84 0.00 0.00 0.00 32.5 33.0 19.6 0.0 0.0 5.24 3.59 2.39 0.00 0.00
8.2 A6 19.7 22.8 20.1 21.8 23.1 24.3 18.3 15.8 19.0 18.0 19.2 19.1 52.5 94.2 20.5 57.2 50.0 4.09 10.84 4.64 5.24 7.34 14.3 22.3 26.0 26.5 26.5 2.39 4.64 2.74 6.59 2.09
8.2 A8 19.2 19.5 18.5 18.1 18.9 18.1 17.1 14.9 15.2 16.0 16.5 15.3 108.6 5.0 18.5 21.3 34.5 10.84 1.30 0.80 2.09 1.49 14.1 16.2 23.5 20.0 23.8 5.89 6.59 5.24 1.84 1.30
8.2 A12 22.2 21.8 23.1 24.5 28.6 23.4 17.0 18.1 17.4 20.9 17.7 20.0 89.2 15.5 0.0 0.0 0.0 10.84 1.49 0.00 0.00 0.00 32.0 34.4 9.8 28.5 14.0 4.64 1.64 0.60 1.84 1.84
8.2 A17 18.7 19.8 17.3 19.7 22.7 21.8 16.9 18.6 18.1 16.5 21.8 18.3 58.5 38.4 48.9 61.2 61.6 5.24 13.98 4.64 2.74 6.59 30.0 17.5 29.0 25.5 24.2 9.89 3.14 3.14 3.14 3.14
8.2 A19 17.0 18.5 17.4 17.1 17.3 17.5 12.2 11.8 15.4 16.6 17.1 15.2 77.8 18.0 62.0 9.0 0.0 4.64 1.00 4.64 0.80 0.00 11.6 12.0 30.0 16.3 26.8 4.09 0.80 10.04 1.00 3.14
L (cm)
25
60
W (mm)
Storage Method: Concrete Floor
Checking/Cracking
MC (%) Elongate Pod
Elongate Pod L (cm) W (mm)
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Figure 17: Concrete Floor Treatment (T & H) 
 
4.10. Tabulated Summary 
 
Table 19 below summarises the final average values of within-subject factors for all three treatment 
groups at the end of week 8 (time 8.2). The average ELMC and average PMC of WST could be 
significantly compared to the average ELMC and PMC of OET and CFT from time 1.1 to time 8.2. 
Both ELMC and PMC of WST are higher through water absorption, while OET and CFT has non-
significantly lost MC during the research period. 
 
Both the OET and CFT groups could not be significantly compared in terms of average crack 
development and propagation. They show a similar rate of crack development and propagation 
(length and width increase) until the end of the research period. WST could be significantly compared 
with the other two treatment groups, and end with low average crack propagation (length and width), 
although it had a slightly higher average crack development than CFT. 
  
Table 19: Start to End Mean Comparison of Within-Subjects Factors Between Treatment Groups 
  Cracks 
Mean MC (%) L (cm) W (mm) Count 
Elongate Pod Elongate Pod Elongate Pod Elongate Pod 
Start Water Sprinkling 26.8 40.7 3.8 8.1 0.3 0.9 0.8 2.1 
         
Open Environment 27.4 40.1 8.4 9.6 0.7 1.0 1.5 2.2 
         
Concrete Floor 38.2 46.5 11.6 9.6 1.0 1.1 1.8 2.0 
          
End Water Sprinkling 36.1 43.5 16.1 18.0 0.9 1.7 2.3 4.8 
         
Open Environment 12.6 12.7 43.2 23.2 5.1 4.7 5.0 5.0 
         
Concrete Floor 20.8 18.5 42.4 21.3 5.2 4.3 4.6 4.7 
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4.11. Discussion 
 
The descriptive and inferential statistics discussed and analysed above for ELMC, ELCL, ELCW 
and ELCC are insignificant with the PMC, PCL, PCW and PCC of the WST group. OET and CFT 
groups have insignificant results for elongate and pod parts when compared to each other, but 
significant when compared to the WST group. Because of this contrast and compared findings, the 
following pairing for theorisation and validation of results is used. 
 
WST vs OET and CFT on: 
(a) ELMC and PMC 
(b) ELCL and PCL 
(c) ELCW and PCW 
(d) ELCC and PCC 
 
Table 20 summarises the three treatment groups used to measure and collect data sets for this 
research project. 
 
Table 20: Summarised Treatment Methods 
Treatment Abbrv N  
Description 
 
1. Water Sprinkling WST 20 Samples are placed lying horizontally side-by-side on a 
brick platform, leaving no space between them and not 
stacked on top of each other. They are exposed to all 
natural conditions (T & RH and winds), and sprinkled with 
water from dawn till sunset. 
2. Open Environment OET 20 Samples are placed on a plank platform, lying horizontally 
side-by-side, leaving no space between them, not stacked 
on top of each other, outside on a natural area, and exposed 
to all natural conditions (T & RH and winds). 
3. Concrete Floor CFT 20 Samples are placed lying horizontally side-by-side on a 
concrete floor laid with tiles, leaving no space between 
them, not stacked on top of each other, in an enclosed and 
shaded area to eliminate winds and direct exposure to the 
sun’s rays on the samples. The samples are not exposed to 
the natural conditions (T & RH).  
 
4.11.1. WST Method (ELMC and PMC) 
 
From time 1.1 to time 1.2 after four days of treatment, the WST group absorbed moisture through 
diffusion, an average MC of more than 60%, but started declining to an average of 41%. Moisture 
absorption is about 30-50% greater than at the second stage but slows down as time elapses [72]. 
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The moisture absorption process enabled ELMC to be maintained at a saturated level which is able 
to lower tangential stresses responsible for cracks development and propagation. 
 
The declining absorption of moisture is caused by the two stages of moisture absorption process 
in timber. The first stage consists of moisture diffusion as bound water in the cell walls when MC 
is below FSP. The second stage is in the lumen and voids when the MC of timber is above FSP 
[72]. The second stage of moisture saturation above FSP is maintained, with confirmed similar 
findings indicating that timber exhibits an initial high rate of moisture absorption followed by a 
slower absorption rate in the relaxation phase [71]. WST at the beginning of the current research 
displayed similar water absorption stages and continued to contain higher MC. 
 
4.11.2. OET and CFT Methods (ELMC and PMC) 
 
The E. grandis yielding pencil props stored under OET and CFT had an initial average higher MC 
because they have completely saturated cell walls with water. The MC ranged from 30 – 200% 
[1]. The atmospheric environment of the two treatment groups has a low moisture concentration 
(humidity) against the treatment groups. The theoretical kinetic diffusion mechanism of moisture 
in timber is proposed from Fick’s first law, which stipulates that the flow of water through timber 
is proportional to the concentration gradient [72]. During the OET and CFT methods, moisture 
gradually diffused into the surrounding atmospheric environment over exposure time elapse, in 
order to reach an EMC with the surrounding atmosphere [86]. During the eight week research 
period, no EMC is reached between the atmosphere and the samples in the two groups.  
 
4.11.3. WST Method (ELCL and PCL) 
 
The ELCL and PCL of the WST has an average low crack propagation towards the end of the 
research period. The MC gradient transverse in the cross-section of the timber is essential in 
establishing induced desorption stresses responsible for cracks that degrade timber during drying 
[56]. During the treatment period, moisture is absorbed by timber in the cell wall and the MC is 
above FSP. Low average crack propagation is attributed to low internal tension which normally 
develops during dying process. 
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4.11.4. OET and CFT Methods (ELCL and PCL) 
 
A higher average and similar rate of crack propagation for both OET and CFT are recorded at the 
end of the research period. The props in both groups gradually developed surface cracks and end 
splitting as time elapses when they are allowed to naturally (uncontrolled) air dry in their respective 
treatment. The climates are characterised by variations of RH [80] in both treatments. Those cracks 
propagate in the longitudinal direction [79]. 
 
4.11.5. WST Method (ELCW and PCW) 
 
A net average crack width of less than 0.90 mm is recorded for the WST method at the end of the 
research period. Moisture is absorbed by the props because of the hygroscopic nature of timber 
and there is no dimensional change resistance during moisture diffusion process, which can result 
in developing major physical cracks due to tensile stresses [78].  
 
4.11.6. OET and CFT Method (ELCW and PCW) 
 
A higher average crack width increase for both treatment groups is recorded after eight weeks 
period. MC gradient is a measure of varying dryness of timber, commonly observed with surface 
checking as a result of shrinkage caused by tensile stresses as timber surfaces get drier prior to the 
core areas towards the pith [58]. Both OET and CFT groups has a higher average MC loss over 
time elapse. Mode I cracks are observed, namely, cracks caused when the tensile stress is normal 
(perpendicular) to the plane of the crack [88]. 
 
During natural drying in the two treatment methods, the props undergo internal restraint as 
moisture diffusion is not instantaneous. This leads to the outer part of timber drying quicker than 
the inner part at reduced MC. Moisture-induced-stresses are caused when the wet inner part 
prevents the outer part from shrinkage, resulting in mechanical stress induced by a compressed 
inner part and a tensioned outer part [78].  
 
4.11.7. WST Method vs OET and CFT (ELCC and PCC) 
 
All sets of measurements in all three treatment groups has an average total count of five cracks, 
with the exception of the ELCC of the WST, which ends with an average total count of two cracks. 
A common trend of an average maximum count of five cracks is observed across the groups as 
     
  
83 
 
average MC decreases. At lower average MC, high MiS leads to a higher number of crack 
developing and propagating on the surface of the props. 
 
4.11.8. Fungal Decay - WST 
 
Greenish and slippery fungal decay is observed in the middle of the experimental period. Water 
sprayed on the surface of ‘green’ timber pencil props form a film that excludes oxygen. This causes 
degradation by decay and sapstain fungi as well as insect attack [102]. A research study has shown 
that sprinkling water on a pile of debarked Picea abies and Pinus contorta round-wood logs not 
only reduce T in the pile but also significantly increase the MC after ten weeks (time 5.2) [81]. 
The wet storage of timber creates oxygen deficiency that is responsible for fungal growth and 
increases the MC of timber. 
 
Oxygen deficiency eliminates habitation for bacteria responsible for fungal growth decay on 
timber surfaces [103]. The stoppages of water sprinkling during data measurements and recording 
interrupted the film of water and allows the habitation of bacteria responsible for fungal decay. A 
study conducted on commercial eucalypts proves that wet storage can preserve large volumes of 
logs against fungal attack and drying degradation during prolonged storage period [104]. The wet 
treatment method for round-wood logs proved to have more pronounced desirable effects when 
started earlier for both hardwood and softwood raw material [103]. 
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Conclusion 
 
WST proves to be the most effective treatment method for E. grandis yielding pencil props. There 
is a 0% rejection of yielding pencil props during the eight week research period. This is because 
the props do not reach the rejection criteria of crack development and propagation of more than 10 
mm wide and longer than 1/3 of the longitudinal dimension of the prop. When props reach these 
crack measurements, they are deemed to have physically deteriorated and are rejected by the 
suppliers. 
 
The sampled units are 140 cm long, meaning they would be rejected when if cracks increased to 10 
mm wide and propagated for more than 46.7 cm in the longitudinal direction. No rejection of any 
yielding pencil props is recorded for WST during the entire research period. The elongate part of 
the props measured an average width of 0.9 mm and an average length of 16.1 cm at an average 
MC of 36.1 %. The pod part measured an average width of 1.7 mm and an average length of 18.0 
cm at an average MC of 43.5 %. These average crack measurements are extremely low when 
compared to OET and CFT, and have a higher average MC when compared to OET and CFT. The 
statistical analysis also proved that WST is significant at sig < 0.05 when compared to OET and 
CFT. This significant level means that WST is comparably different to the other two treatment 
methods. 
 
There is no correlation between temperature and relative humidity. The lack of correlation 
relationship is read from the graphs of temperature and relative humidity in all three treatment 
methods. 
 
E. grandis yielding pencil props are designed to allow an absolute amount of quasi-static closure 
acting on the unit without weakening its support resistance. They are uniquely designed to brush-
off on the pod part as a sign of initial failure under load. This failure mechanism allows inelastic 
hanging walls to converge or vertically dilate while the support unit maintains contact with the rock 
mass without losing its support integrity. The pod part of the props allows an extended yielding 
range before it buckles and fails under load. The length of the pod part on the yielding pencil prop 
determines the allowable vertical rock mass dilation before the whole prop body starts to creep 
under load. 
 
The MC in yielding pencil props is an important requirement to enable the expected mode of failure 
mechanism to occur. Yielding pencil props with a higher MOR due to loss or lower MC can 
     
  
85 
 
experience a catastrophic sudden failure, thus losing their load-carrying strength. This type of 
sudden failure can lead to a large FOG, caused by a high load distribution to the neighbouring prop 
supports. Yielding pencil props with a higher MOE due to higher or gained MC, can allow the units 
to fail according to the expected failure mode from design. 
 
The findings of this research prove that WST is able to maintain the quality of E. grandis yielding 
pencil props. No physical deterioration in the form of cracks is observed. The treatment of the props 
with water at their storage facility can preserve their inherent MC, which is essential for their 
intended performance. Underground mine accidents caused by FOG can be avoided through proper 
monitoring of the initial failure mode. The 0% rejection of props through this treatment method 
proved that there would be positive financial gains because tonnes of yielding pencil props could 
be saved. 
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CHAPTER 5: CONCLUSION AND RECOMMENDATIONS 
 
5.1. Conclusion 
 
This research project successfully assessed the effects of each proposed treatment method on E. 
grandis yielding pencil props. Quantitative data was measured and recorded using reliable 
measuring tools and analysed through statistical software. 
 
The statistical outcome of the empirical data analysis clearly indicated that there was a significant 
relation between the independent variable with the measured dependent variables. Time was the 
main independent factor representing significant difference within-subject factors.  
 
A pairwise comparison between-subject effects also indicated a significant relation between 
treatment groups. Throughout the research process, OET could not be significantly compared to 
CFT method. Both OET and CFT measured an average MC net loss, with CFT retaining a slightly 
higher MC compared to OET method.  S similar rate of MC loss or pattern was observed between 
OET and CFT methods.  
 
The WST method was significant, compared to both OET and CFT methods, measuring an average 
MC net gain at the end of eight weeks. The WST treatment method, maintained a unique water 
sorption isotherm which could be significantly compared to both OET and CFT methods. 
 
WST remains significantly low for crack propagation and width increase when compared to OET 
and CFT methods. Both OET and CFT methods could not be significantly compared to each other 
for crack propagation and increase. 
 
All three treatment methods had an insignificant relation for crack count over time, until the end of 
the research period. The exception is on the elongate part of WST which had a significantly low 
average crack count when compared to OET and CFT.  
 
At the end of the eight weeks, crack development and propagation was observed in all three 
treatment methods, however, there was less crack development and propagation in WST than in 
the other two treatment methods. The WST with less cracks also measured and recorded higher 
MC. 
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These findings proved that the wet treatment of E. grandis yielding pencil props during storage at 
the storage yards can preserve large volumes of props against drying defects and fungal attack when 
stored for a prolonged period. The wet treatment method proved to have more pronounced desirable 
effects when started earlier in order to preserve the MC. This is because MC decrease has a 
causative effect on crack development and propagation. The wet storage (wet-deck) method, 
simulated with WST proves to be the most effective method to preserve the quality of E. grandis 
yielding pencil props during on-surface storage at the sawmill. 
 
5.2. Recommendation 
 
A number of comprehensive and easy to apply approaches are recommended, which will retain the 
quality of E. grandis yielding pencil props during on-surface storage to increase their shelf life. 
 
(i) Timber logs, as raw materials for the production of yielding pencil props, should be 
transported from harvest to sawmill with their barks intact in order to prevent moisture loss 
during transportation. 
(ii) Yielding pencil props should be stored in carefully designed infrastructure which will assist 
in retarding moisture content loss during storage at sawmill. 
(iii) Under-cover and enclosed storage with waterproof floors and walls should be used to avoid 
moisture migration from the props to the floors and walls. 
(iv) During wet storage, the props should be treated with clean water free from any particles 
which may block the pores of the timber. 
(v) Water drained after sprinkling should be collected for purification to remove any particles 
before being reused. 
(vi) Wet storage should be started earlier, before any cracks develop because, once a crack 
develop, it cannot be reversed. 
(vii) A critical value chain management policy must be adopted which will ensure that the first 
units to be milled and stored are the first units to be dispatched. 
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5.3. Proposed Future Research Project 
 
This research project was conducted during winter season. A similar research project could be 
conducted during summer, as it can be expected that there will be a high propensity for timber logs 
to generate cracks during summer seasons when the natural uncontrolled atmospheric conditions 
such as T are higher and RH are lower [88]. E. grandis yielding pencil props of the same density 
should be selected and subjected to the same treatment methods. 
 
The water sprinkling treatment could also be quantified in order to determine the correct amount 
and rate of water to be sprinkled for optimum timber preservation and minimisation of water usage.  
 
5.4. Answer to the Research Question 
 
(i) How does on-surface time-dependent exposure of E. grandis yielding pencil props to T and 
RH affect their physical properties under various treatment methods? 
 
Answer: The exposure of E. grandis yielding pencil props on-surface over time variably affects the 
physical properties in all three proposed treatment methods. The physical properties of 
E. grandis yielding pencil props are affected with cracks that developed and propagated 
in length increase in a longitudinal dimension and in width increase. The three proposed 
treatment methods are characterised with different rates of crack development and 
propagation. WST has a slow rate of crack development and propagation, OET has a 
medium rate of crack development and propagation, and CFT has a fast rate crack 
development and propagation rate. See sections 4.2.2, 4.3.1, 4.6.1, 4.7.1, 4.9.1, 4.9.2, 
4.9.4, 4.11.3 and 4.11.4. 
 
Answers to the Research Sub-questions 
 
(i) How do the three proposed treatment methods affect the MC of E. grandis yielding pencil 
props? 
Answer: Water Sprinkling Treatment is able to preserve a higher amount of moisture content on 
E. grandis yielding pencil props. Open Environment Treatment lost the highest amount 
of moisture content whereas concrete floor lost a high amount of moisture content. See 
sections 4.1.2 and 4.5.1. 
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(ii) What are the physical defects associated with various levels of MC loss of E. grandis 
yielding pencil props for the maximum two months of the treatment period under the 
prevailing T and RH? 
Answer: There is a cause and effect relationship between crack development and propagation 
against the amount of moisture content lost. See sections 4.2.2, 4.3.1, 4.6.1, 4.7.1, 4.9.1, 
4.9.2, 4.9.4, 4.11.3 and 4.11.4 with 4.1.2 and 4.5.1. 
 
(iii) How effective is the on-surface storage method of the water sprinkling (wet-deck) in 
preserving the quality of E. grandis yielding pencil prop units?  
Answer: Water Sprinkling Treatment simulates wet-deck and the experimental results can be 
expected to be obtained when wet-deck storage method is used. The wet-deck storage 
method can effectively preserve the moisture content and the physical quality of E. 
grandis yielding pencil props. 
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CHAPTER 7 
 
APPENDICES 
 
Appendix A: SANS Standard (Moisture Content of timber (Electric 
Moisture Meter Method) 
 
SOUTH AFRICAN NATIONAL STANDARD 
 
Moisture content of timber (electric moisture meter method) 
 
ISBN 978 0-626-31635-8                                             
SANS 5986:2004
 
Edition 1.1 
 
Any reference to SABS SM 986 is deemed to be a reference to this standard 
(Government Notice No. 1373 of 8 November 2002) 
 
 
 
Table of changes 
 
Change No. Date Scope 
Arndt 1 2004 Amended to change the designation of SABS standards to 
SANS standards with no technical changes. 
 
Foreword 
 
This  South  African  standard  was  approved  by  National  Committee  SABS/TC  1008,  Wood  
and associated products, in accordance with procedures of the SABS Standards Division, in 
compliance with annex 3 of the WTO/TBT agreement. 
 
This edition is technically identical to SABS SM 986:1980. 
 
Reaffirmed and reprinted in April 2015 
This document will be reviewed every five years and be reaffirmed, amended, revised or 
withdrawn. 
 
Moisture content of timber (electric moisture-meter method) 
 
1 Apparatus 
 
1.1 Electric moisture-meter 
 
An   electric moisture-meter, preferably   fitted   with   insulated   electrodes   and   suitable   for 
the determination of the moisture content of timber. 
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2 Test specimen 
 
2.1 T h e  sample timber member as is. 
 
 
3 Checking and calibration 
 
3.1  Check  all  electrical  connections  and  ensure  that  the  instrument  is in good  working  
order. Calibrate  the meter  for the  thickness  and  species  of timber  to  be tested  and  adjust 
the  control settings according to the manufacturer's instructions. 
 
4 Procedure 
 
4.1 U s i n g  insulated electrodes 
 
If the moisture-meter is fitted with insulated electrodes, proceed as follows: 
 
a)  Sawn timber.  Select a defect-free point that is at least 300 mm from an end of the piece 
and, avoiding pith and resin infiltrates, drive the electrodes into the piece to a depth of about 6 
mm, take a reading, and then drive the electrodes to a depth of approximately half the thickness 
of the timber and take a second reading. 
 
b)  Droppers. Select a defect-free position that is at least 300 mm from an end, drive the 
electrodes to a depth of approximately one-third of the thickness or diameter, as relevant, and 
take the reading. 
 
c)  Poles. Take two readings at a depth of at least half the radius, one each on opposite sides 
of the pole approximately 150 mm away from, and on either side of, the approximate mid-
length point. 
 
NOTE: In this method reference is made to the latest issue of SANS 5984. 
 
4.2 Using non-insulated electrodes 
 
A moisture-meter fitted with non-insulated electrodes may be used only on sawn timber. Proceed 
as follows: 
 
Take  the first  reading  as described  in 4.1 (a), and take  another reading  by  cross-cutting  the 
test specimen at the position to be tested and, within 10 min after cross-cutting,  determining in 
the same way  as for  the first reading  in  4.1(a), the  moisture content  in the  centre  of the  
exposed  cross- section. 
 
5 Results 
 
5.1  Take  as  the  moisture  content  the  reading  obtained  in  4.1 (b)  or,  in  all  other  cases,  
the arithmetic mean of the two readings. 
 
6 Report 
 
 
6.1 Compile the report as in the relevant section of SANS 5984. 
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Appendix B: Field Data Capturing Form 
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Appendix C: Elongate Moisture Content 
Between-Subjects Factors 
        
  Value Label N         
treat 1 Water sprin-
kling 
20 
        
2 Open envi-
ronment 
20 
        
3 Concrete 
floor 
20 
        
                
Descriptive Statistics       
treat Mean 
Std. Devia-
tion N       
w11_mc_e Week 1.1: 
moisture content: elon-
gate (averaged) 
Water sprinkling 26.8067 6.00142 20       
Open environment 27.3467 9.64571 20       
Concrete floor 38.2475 18.17658 20       
Total 30.8003 13.27429 60       
w12_mc_e Week 1.2: 
moisture content: elon-
gate (averaged) 
Water sprinkling 62.4450 20.01727 20       
Open environment 29.3242 6.49794 20       
Concrete floor 42.3608 16.54720 20       
Total 44.7100 20.48282 60       
w21_mc_e Week 2.1: 
moisture content: elon-
gate (averaged) 
Water sprinkling 53.7200 12.36525 20       
Open environment 23.0183 3.75009 20       
Concrete floor 37.9533 15.12220 20       
Total 38.2306 16.94731 60       
w22_mc_e Week 2.2: 
moisture content: elon-
gate (averaged) 
Water sprinkling 45.2825 9.96149 20       
Open environment 22.3617 3.11426 20       
Concrete floor 32.5658 9.11383 20       
Total 33.4033 12.29754 60       
w31_mc_e Week 3.1: 
moisture content: elon-
gate (averaged) 
Water sprinkling 45.7800 9.20625 20       
Open environment 21.5817 2.80681 20       
Concrete floor 35.3467 12.12545 20       
Total 34.2361 13.30613 60       
w32_mc_e Week 3.2: 
moisture content: elon-
gate (averaged) 
Water sprinkling 45.2967 8.57505 20       
Open environment 19.2042 1.46517 20       
Concrete floor 31.0492 9.28815 20       
Total 31.8500 12.95654 60       
w41_mc_e Week 4.1: 
moisture content: elon-
gate (averaged) 
Water sprinkling 36.5900 8.78522 20       
Open environment 18.5025 1.08576 20       
Concrete floor 28.5633 7.19434 20       
Total 27.8853 9.87859 60       
w42_mc_e Week 4.2: 
moisture content: elon-
gate (averaged) 
Water sprinkling 36.0258 6.70780 20       
Open environment 17.7450 1.78269 20       
Concrete floor 27.0242 6.85290 20       
Total 26.9317 9.34255 60       
w51_mc_e Week 5.1: 
moisture content: elon-
gate (averaged) 
Water sprinkling 39.6875 6.60425 20       
Open environment 17.3658 1.56369 20       
Concrete floor 26.5558 5.04911 20       
Total 27.8697 10.41015 60       
w52_mc_e Week 5.2: 
moisture content: elon-
gate (averaged) 
Water sprinkling 41.9133 8.04830 20       
Open environment 18.0767 1.14371 20       
Concrete floor 25.6683 5.23686 20       
Total 28.5528 11.43005 60       
w61_mc_e Week 6.1: 
moisture content: elon-
gate (averaged) 
Water sprinkling 39.2933 9.54758 20       
Open environment 15.8958 1.86768 20       
Concrete floor 23.2692 3.99712 20       
Total 26.1528 11.51690 60       
w62_mc_e Week 6.2: 
moisture content: elon-
gate (averaged) 
Water sprinkling 43.0342 8.17263 20       
Open environment 17.1600 1.18049 20       
Concrete floor 24.1642 3.39389 20       
Total 28.1194 12.12815 60       
w71_mc_e Week 7.1: 
moisture content: elon-
gate (averaged) 
Water sprinkling 38.1533 6.49212 20       
Open environment 16.9258 1.74210 20       
Concrete floor 23.3575 3.86018 20       
Total 26.1456 9.98376 60       
w72_mc_e Week 7.2: 
moisture content: elon-
gate (averaged) 
Water sprinkling 34.1492 6.65692 20       
Open environment 15.1842 1.54285 20       
Concrete floor 21.0817 2.33593 20       
Total 23.4717 8.98110 60       
Water sprinkling 35.8342 6.19819 20       
Open environment 14.2450 2.24677 20       
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w81_mc_e Week 8.1: 
moisture content: elon-
gate (averaged) 
Concrete floor 21.5450 2.86254 20       
Total 23.8747 9.91941 60 
      
w82_mc_e Week 8.2: 
moisture content: elon-
gate (averaged) 
Water sprinkling 36.0467 5.85402 20       
Open environment 12.5467 1.68284 20       
Concrete floor 20.7583 3.05136 20       
Total 23.1172 10.55355 60       
                
Box's Test of Equality of Covariance Matricesa             
Box's M 1222.460             
F 2.622             
df1 272             
df2 8523.409             
Sig. 0.000             
Tests the null hypothesis that the observed covariance 
matrices of the dependent variables are equal across 
groups.             
a. Design: Intercept + treat  
 Within Subjects Design: time             
                
Multivariate Testsa 
Effect Value F Hypothesis df Error df Sig. 
Partial Eta 
Squared 
time Pillai's Trace 0.935 41.242b 15.000 43.000 0.000 0.935 
Wilks' Lambda 0.065 41.242b 15.000 43.000 0.000 0.935 
Hotelling's Trace 14.387 41.242b 15.000 43.000 0.000 0.935 
Roy's Largest Root 14.387 41.242b 15.000 43.000 0.000 0.935 
time * treat Pillai's Trace 1.417 7.138 30.000 88.000 0.000 0.709 
Wilks' Lambda 0.058 9.083b 30.000 86.000 0.000 0.760 
Hotelling's Trace 8.122 11.370 30.000 84.000 0.000 0.802 
Roy's Largest Root 6.931 20.330c 15.000 44.000 0.000 0.874 
a. Design: Intercept + treat  
 Within Subjects Design: time 
b. Exact statistic 
c. The statistic is an upper bound on F that yields a lower bound on the significance level. 
                
Mauchly's Test of Sphericitya 
Measure:  MEASURE_1             
Within Subjects Effect Mauchly's W 
Approx. Chi-
Square df Sig. 
Epsilonb 
Greenhouse-
Geisser Huynh-Feldt Lower-bound 
time 0.000 1018.280 119 0.000 0.216 0.238 0.067 
Tests the null hypothesis that the error covariance matrix of the orthonormalized transformed dependent variables is proportional to an identity matrix. 
a. Design: Intercept + treat  
 Within Subjects Design: time 
b. May be used to adjust the degrees of freedom for the averaged tests of significance. Corrected tests are displayed in the Tests of Within-Subjects Effects table. 
                
Tests of Within-Subjects Effects 
Measure:  MEASURE_1             
Source 
Type III Sum 
of Squares df Mean Square F Sig. 
Partial Eta 
Squared 
time Sphericity Assumed 29855.403 15 1990.360 67.834 0.000 0.543 
Greenhouse-Geisser 29855.403 3.233 9233.815 67.834 0.000 0.543 
Huynh-Feldt 29855.403 3.571 8360.729 67.834 0.000 0.543 
Lower-bound 29855.403 1.000 29855.403 67.834 0.000 0.543 
time * treat Sphericity Assumed 11122.290 30 370.743 12.635 0.000 0.307 
Greenhouse-Geisser 11122.290 6.467 1719.976 12.635 0.000 0.307 
Huynh-Feldt 11122.290 7.142 1557.347 12.635 0.000 0.307 
Lower-bound 11122.290 2.000 5561.145 12.635 0.000 0.307 
Error(time) Sphericity Assumed 25087.210 855 29.342       
Greenhouse-Geisser 25087.210 184.296 136.124       
Huynh-Feldt 25087.210 203.542 123.253       
Lower-bound 25087.210 57.000 440.126       
                
Tests of Within-Subjects Contrasts 
Measure:  MEASURE_1             
Source 
Type III Sum 
of Squares df Mean Square F Sig. 
Partial Eta 
Squared 
time Level 1 vs. Level 2 11608.822 1 11608.822 81.025 0.000 0.587 
Level 2 vs. Level 3 2518.992 1 2518.992 16.399 0.000 0.223 
Level 3 vs. Level 4 1398.124 1 1398.124 20.609 0.000 0.266 
Level 4 vs. Level 5 41.611 1 41.611 1.588 0.213 0.027 
Level 5 vs. Level 6 341.612 1 341.612 13.429 0.001 0.191 
Level 6 vs. Level 7 943.141 1 943.141 47.501 0.000 0.455 
Level 7 vs. Level 8 54.562 1 54.562 3.438 0.069 0.057 
Level 8 vs. Level 9 52.797 1 52.797 5.441 0.023 0.087 
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Level 9 vs. Level 10 27.994 1 27.994 2.091 0.154 0.035 
Level 10 vs. Level 11 345.600 1 345.600 37.237 0.000 0.395 
Level 11 vs. Level 12 232.067 1 232.067 51.790 0.000 0.476 
Level 12 vs. Level 13 233.774 1 233.774 18.704 0.000 0.247 
Level 13 vs. Level 14 428.981 1 428.981 69.894 0.000 0.551 
Level 14 vs. Level 15 9.747 1 9.747 1.721 0.195 0.029 
Level 15 vs. Level 16 34.428 1 34.428 4.878 0.031 0.079 
time * treat Level 1 vs. Level 2 14209.594 2 7104.797 49.588 0.000 0.635 
Level 2 vs. Level 3 187.312 2 93.656 0.610 0.547 0.021 
Level 3 vs. Level 4 614.831 2 307.416 4.532 0.015 0.137 
Level 4 vs. Level 5 130.168 2 65.084 2.484 0.092 0.080 
Level 5 vs. Level 6 145.481 2 72.740 2.859 0.066 0.091 
Level 6 vs. Level 7 706.414 2 353.207 17.789 0.000 0.384 
Level 7 vs. Level 8 10.660 2 5.330 0.336 0.716 0.012 
Level 8 vs. Level 9 222.621 2 111.311 11.471 0.000 0.287 
Level 9 vs. Level 10 96.952 2 48.476 3.621 0.033 0.113 
Level 10 vs. Level 11 1.929 2 0.964 0.104 0.901 0.004 
Level 11 vs. Level 12 95.793 2 47.896 10.689 0.000 0.273 
Level 12 vs. Level 13 256.787 2 128.394 10.273 0.000 0.265 
Level 13 vs. Level 14 55.943 2 27.971 4.557 0.015 0.138 
Level 14 vs. Level 15 68.972 2 34.486 6.089 0.004 0.176 
Level 15 vs. Level 16 36.538 2 18.269 2.588 0.084 0.083 
Error(time) Level 1 vs. Level 2 8166.693 57 143.275       
Level 2 vs. Level 3 8755.596 57 153.607       
Level 3 vs. Level 4 3866.853 57 67.840       
Level 4 vs. Level 5 1493.637 57 26.204       
Level 5 vs. Level 6 1449.995 57 25.439       
Level 6 vs. Level 7 1131.748 57 19.855       
Level 7 vs. Level 8 904.717 57 15.872       
Level 8 vs. Level 9 553.124 57 9.704       
Level 9 vs. Level 10 763.186 57 13.389       
Level 10 vs. Level 11 529.024 57 9.281       
Level 11 vs. Level 12 255.413 57 4.481       
Level 12 vs. Level 13 712.419 57 12.499       
Level 13 vs. Level 14 349.844 57 6.138       
Level 14 vs. Level 15 322.849 57 5.664       
Level 15 vs. Level 16 402.335 57 7.059       
                
Levene's Test of Equality of Error Variancesa     
  
Levene Sta-
tistic df1 df2 Sig.     
w11_mc_e Week 1.1: 
moisture content: elon-
gate (averaged) 
Based on Mean 15.899 2 57 0.000     
Based on Median 6.344 2 57 0.003     
Based on Median and with 
adjusted df 
6.344 2 36.146 0.004 
    
Based on trimmed mean 14.421 2 57 0.000     
w12_mc_e Week 1.2: 
moisture content: elon-
gate (averaged) 
Based on Mean 7.951 2 57 0.001     
Based on Median 6.580 2 57 0.003     
Based on Median and with 
adjusted df 
6.580 2 40.750 0.003 
    
Based on trimmed mean 8.015 2 57 0.001     
w21_mc_e Week 2.1: 
moisture content: elon-
gate (averaged) 
Based on Mean 10.817 2 57 0.000     
Based on Median 8.573 2 57 0.001     
Based on Median and with 
adjusted df 
8.573 2 42.101 0.001 
    
Based on trimmed mean 10.542 2 57 0.000     
w22_mc_e Week 2.2: 
moisture content: elon-
gate (averaged) 
Based on Mean 8.310 2 57 0.001     
Based on Median 8.016 2 57 0.001     
Based on Median and with 
adjusted df 
8.016 2 33.018 0.001 
    
Based on trimmed mean 8.382 2 57 0.001     
w31_mc_e Week 3.1: 
moisture content: elon-
gate (averaged) 
Based on Mean 15.698 2 57 0.000     
Based on Median 13.095 2 57 0.000     
Based on Median and with 
adjusted df 
13.095 2 41.882 0.000 
    
Based on trimmed mean 15.484 2 57 0.000     
w32_mc_e Week 3.2: 
moisture content: elon-
gate (averaged) 
Based on Mean 16.555 2 57 0.000     
Based on Median 14.529 2 57 0.000     
Based on Median and with 
adjusted df 
14.529 2 39.691 0.000 
    
Based on trimmed mean 16.021 2 57 0.000     
w41_mc_e Week 4.1: 
moisture content: elon-
gate (averaged) 
Based on Mean 27.225 2 57 0.000     
Based on Median 22.477 2 57 0.000     
Based on Median and with 
adjusted df 
22.477 2 38.410 0.000 
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Based on trimmed mean 25.702 2 57 0.000     
w42_mc_e Week 4.2: 
moisture content: elon-
gate (averaged) 
Based on Mean 16.761 2 57 0.000     
Based on Median 9.449 2 57 0.000     
Based on Median and with 
adjusted df 
9.449 2 32.216 0.001 
    
Based on trimmed mean 15.032 2 57 0.000     
w51_mc_e Week 5.1: 
moisture content: elon-
gate (averaged) 
Based on Mean 18.394 2 57 0.000     
Based on Median 17.559 2 57 0.000     
Based on Median and with 
adjusted df 
17.559 2 41.668 0.000 
    
Based on trimmed mean 18.085 2 57 0.000     
w52_mc_e Week 5.2: 
moisture content: elon-
gate (averaged) 
Based on Mean 20.782 2 57 0.000     
Based on Median 15.750 2 57 0.000     
Based on Median and with 
adjusted df 
15.750 2 36.197 0.000 
    
Based on trimmed mean 20.889 2 57 0.000     
w61_mc_e Week 6.1: 
moisture content: elon-
gate (averaged) 
Based on Mean 20.019 2 57 0.000     
Based on Median 16.118 2 57 0.000     
Based on Median and with 
adjusted df 
16.118 2 27.874 0.000 
    
Based on trimmed mean 20.305 2 57 0.000     
w62_mc_e Week 6.2: 
moisture content: elon-
gate (averaged) 
Based on Mean 22.943 2 57 0.000     
Based on Median 15.945 2 57 0.000     
Based on Median and with 
adjusted df 
15.945 2 23.944 0.000 
    
Based on trimmed mean 21.807 2 57 0.000     
w71_mc_e Week 7.1: 
moisture content: elon-
gate (averaged) 
Based on Mean 16.496 2 57 0.000     
Based on Median 12.399 2 57 0.000     
Based on Median and with 
adjusted df 
12.399 2 36.665 0.000 
    
Based on trimmed mean 16.590 2 57 0.000     
w72_mc_e Week 7.2: 
moisture content: elon-
gate (averaged) 
Based on Mean 16.330 2 57 0.000     
Based on Median 15.686 2 57 0.000     
Based on Median and with 
adjusted df 
15.686 2 24.266 0.000 
    
Based on trimmed mean 16.864 2 57 0.000     
w81_mc_e Week 8.1: 
moisture content: elon-
gate (averaged) 
Based on Mean 6.587 2 57 0.003     
Based on Median 5.097 2 57 0.009     
Based on Median and with 
adjusted df 
5.097 2 26.839 0.013 
    
Based on trimmed mean 7.256 2 57 0.002     
w82_mc_e Week 8.2: 
moisture content: elon-
gate (averaged) 
Based on Mean 11.224 2 57 0.000     
Based on Median 10.232 2 57 0.000     
Based on Median and with 
adjusted df 
10.232 2 26.839 0.000 
    
Based on trimmed mean 12.132 2 57 0.000     
Tests the null hypothesis that the error variance of the dependent variable is equal across groups.     
a. Design: Intercept + treat  
 Within Subjects Design: time     
                
Tests of Between-Subjects Effects    
Measure:  MEASURE_1             
Transformed Varia-
ble:  
Average 
            
Source Type III Sum of Squares df Mean Square F Sig. 
Partial Eta 
Squared   
Intercept 52959.065 1 52959.065 1553.830 0.000 0.965   
treat 4912.790 2 2456.395 72.071 0.000 0.717   
Error 1942.727 57 34.083         
                
                
Estimated Marginal 
Means               
                
                
treat               
                
Estimates       
Measure:  MEASURE_1             
treat Mean Std. Error 
95% Confidence Interval       
Lower Bound Upper Bound       
Water sprinkling 41.254 1.305 38.640 43.868       
Open environment 19.155 1.305 16.541 21.769       
Concrete floor 28.719 1.305 26.105 31.334       
                
Pairwise Comparisons   
Measure:  MEASURE_1             
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(I) treat 
Mean Differ-
ence (I-J) Std. Error Sig.b 
95% Confidence Interval for 
Differenceb   
Lower Bound Upper Bound   
Water sprinkling Open environment 22.098* 1.846 0.000 17.544 26.652   
Concrete floor 12.534* 1.846 0.000 7.980 17.088   
Open environment Water sprinkling -22.098* 1.846 0.000 -26.652 -17.544   
Concrete floor -9.564* 1.846 0.000 -14.118 -5.010   
Concrete floor Water sprinkling -12.534* 1.846 0.000 -17.088 -7.980   
Open environment 9.564* 1.846 0.000 5.010 14.118   
Based on estimated marginal means   
*. The mean difference is significant at the .05 level.   
b. Adjustment for multiple comparisons: Bonferroni.   
                
Univariate Tests   
Measure:  MEASURE_1             
  Sum of Squares df Mean Square F Sig. 
Partial Eta 
Squared   
Contrast 4912.790 2 2456.395 72.071 0.000 0.717   
Error 1942.727 57 34.083         
The F tests the effect of treat. This test is based on the linearly independent pairwise comparisons among the estimated marginal means.   
                
 
Appendix D: Elongate Cracks Length 
                
Between-Subjects Factors         
  Value Label N         
treat 1 Water sprin-
kling 
20 
        
2 Open environ-
ment 
20 
        
3 Concrete floor 20         
                
Descriptive Statistics       
treat Mean Std. Deviation N       
w11_c_el_m Week 11: 
cracks: elongation: 
length (cm): mean 
Water sprinkling 3.7608 4.76101 20       
Open environment 8.4092 5.72773 20       
Concrete floor 11.5737 6.40115 20       
Total 7.9146 6.44438 60       
w12_c_el_m Week 12: 
cracks: elongation: 
length (cm): mean 
Water sprinkling 3.9458 4.99595 20       
Open environment 9.4677 5.97705 20       
Concrete floor 13.4216 7.81767 20       
Total 8.9450 7.38792 60       
w21_c_el_m Week 21: 
cracks: elongation: 
length (cm): mean 
Water sprinkling 4.1367 5.21304 20       
Open environment 15.3863 5.94149 20       
Concrete floor 15.9922 6.74367 20       
Total 11.8384 8.06150 60       
w22_c_el_m Week 22: 
cracks: elongation: 
length (cm): mean 
Water sprinkling 5.0417 5.20039 20       
Open environment 16.9068 5.57313 20       
Concrete floor 16.5477 6.93738 20       
Total 12.8320 8.06790 60       
w31_c_el_m Week 31: 
cracks: elongation: 
length (cm): mean 
Water sprinkling 5.3417 5.53903 20       
Open environment 21.5779 7.60782 20       
Concrete floor 19.4478 9.01912 20       
Total 15.4558 10.36815 60       
w32_c_el_m Week 32: 
cracks: elongation: 
length (cm): mean 
Water sprinkling 5.6583 5.29130 20       
Open environment 24.2714 7.11129 20       
Concrete floor 22.3132 8.99916 20       
Total 17.4143 11.05912 60       
w41_c_el_m Week 41: 
cracks: elongation: 
length (cm): mean 
Water sprinkling 5.7183 5.35531 20       
Open environment 29.6530 7.81119 20       
Concrete floor 26.6750 10.63529 20       
Total 20.6821 13.44127 60       
w42_c_el_m Week 42: 
cracks: elongation: 
length (cm): mean 
Water sprinkling 5.9775 5.59912 20       
Open environment 31.4360 7.65216 20       
Concrete floor 30.0740 9.77898 20       
Total 22.4958 14.09974 60       
w51_c_el_m Week 51: 
cracks: elongation: 
length (cm): mean 
Water sprinkling 6.1758 5.77857 20       
Open environment 34.5855 7.76904 20       
Concrete floor 32.5183 10.85363 20       
Total 24.4265 15.43430 60       
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w52_c_el_m Week 52: 
cracks: elongation: 
length (cm): mean 
Water sprinkling 7.3358 6.34082 20       
Open environment 37.5543 8.29581 20       
Concrete floor 36.1348 11.96322 20       
Total 27.0083 16.68301 60       
w61_c_el_m Week 61: 
cracks: elongation: 
length (cm): mean 
Water sprinkling 8.4721 6.71774 20       
Open environment 39.1205 8.66608 20       
Concrete floor 37.0119 12.23106 20       
Total 28.2015 16.89884 60       
w62_c_el_m Week 62: 
cracks: elongation: 
length (cm): mean 
Water sprinkling 11.4671 8.72781 20       
Open environment 40.9470 9.70409 20       
Concrete floor 39.3770 13.01906 20       
Total 30.5970 17.20280 60       
w71_c_el_m Week 71: 
cracks: elongation: 
length (cm): mean 
Water sprinkling 12.8020 9.36126 20       
Open environment 41.3810 9.81928 20       
Concrete floor 38.5995 11.08792 20       
Total 30.9275 16.34701 60       
w72_c_el_m Week 72: 
cracks: elongation: 
length (cm): mean 
Water sprinkling 14.6424 11.74009 20       
Open environment 41.9150 9.99380 20       
Concrete floor 39.9043 11.15431 20       
Total 32.1539 16.52955 60       
w81_c_el_m Week 81: 
cracks: elongation: 
length (cm): mean 
Water sprinkling 15.5328 12.97237 20       
Open environment 42.5470 10.27817 20       
Concrete floor 41.1073 11.33871 20       
Total 33.0623 16.91785 60       
w82_c_el_m Week 82: 
cracks: elongation: 
length (cm): mean 
Water sprinkling 16.1271 13.69841 20       
Open environment 43.2410 10.58393 20       
Concrete floor 42.4073 11.58073 20       
Total 33.9251 17.34586 60       
                
Box's Test of Equality of Covariance Matricesa             
Box's M 1304.472             
F 2.798             
df1 272             
df2 8523.409             
Sig. 0.000             
Tests the null hypothesis that the observed covariance ma-
trices of the dependent variables are equal across groups.             
a. Design: Intercept + treat  
 Within Subjects Design: time             
                
Multivariate Testsa 
Effect Value F Hypothesis df Error df Sig. 
Partial Eta 
Squared 
time Pillai's Trace 0.909 28.637b 15.000 43.000 0.000 0.909 
Wilks' Lambda 0.091 28.637b 15.000 43.000 0.000 0.909 
Hotelling's Trace 9.990 28.637b 15.000 43.000 0.000 0.909 
Roy's Largest Root 9.990 28.637b 15.000 43.000 0.000 0.909 
time * treat Pillai's Trace 1.050 3.241 30.000 88.000 0.000 0.525 
Wilks' Lambda 0.166 4.178b 30.000 86.000 0.000 0.593 
Hotelling's Trace 3.737 5.232 30.000 84.000 0.000 0.651 
Roy's Largest Root 3.349 9.823c 15.000 44.000 0.000 0.770 
a. Design: Intercept + treat  
 Within Subjects Design: time 
b. Exact statistic 
c. The statistic is an upper bound on F that yields a lower bound on the significance level. 
                
Mauchly's Test of Sphericitya 
Measure:  MEASURE_1             
Within Subjects Effect Mauchly's W 
Approx. Chi-
Square df Sig. 
Epsilonb 
Greenhouse-
Geisser Huynh-Feldt Lower-bound 
time 0.000 1540.960 119 0.000 0.171 0.186 0.067 
Tests the null hypothesis that the error covariance matrix of the orthonormalized transformed dependent variables is proportional to an identity matrix. 
a. Design: Intercept + treat  
 Within Subjects Design: time 
b. May be used to adjust the degrees of freedom for the averaged tests of significance. Corrected tests are displayed in the Tests of Within-Subjects Effects table. 
                
Tests of Within-Subjects Effects 
Measure:  MEASURE_1             
Source 
Type III Sum 
of Squares df Mean Square F Sig. 
Partial Eta 
Squared 
time Sphericity Assumed 72632.597 15 4842.173 186.944 0.000 0.766 
Greenhouse-Geisser 72632.597 2.569 28272.497 186.944 0.000 0.766 
Huynh-Feldt 72632.597 2.795 25985.493 186.944 0.000 0.766 
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Lower-bound 72632.597 1.000 72632.597 186.944 0.000 0.766 
time * treat Sphericity Assumed 14054.547 30 468.485 18.087 0.000 0.388 
Greenhouse-Geisser 14054.547 5.138 2735.391 18.087 0.000 0.388 
Huynh-Feldt 14054.547 5.590 2514.121 18.087 0.000 0.388 
Lower-bound 14054.547 2.000 7027.274 18.087 0.000 0.388 
Error(time) Sphericity Assumed 22145.927 855 25.902       
Greenhouse-Geisser 22145.927 146.434 151.235       
Huynh-Feldt 22145.927 159.322 139.001       
Lower-bound 22145.927 57.000 388.525       
                
Tests of Within-Subjects Contrasts 
Measure:  MEASURE_1             
Source 
Type III Sum 
of Squares df Mean Square F Sig. 
Partial Eta 
Squared 
time Level 1 vs. Level 2 63.712 1 63.712 18.288 0.000 0.243 
Level 2 vs. Level 3 502.283 1 502.283 25.603 0.000 0.310 
Level 3 vs. Level 4 59.242 1 59.242 4.129 0.047 0.068 
Level 4 vs. Level 5 413.044 1 413.044 44.520 0.000 0.439 
Level 5 vs. Level 6 230.150 1 230.150 24.706 0.000 0.302 
Level 6 vs. Level 7 640.713 1 640.713 51.797 0.000 0.476 
Level 7 vs. Level 8 197.375 1 197.375 31.868 0.000 0.359 
Level 8 vs. Level 9 223.655 1 223.655 30.066 0.000 0.345 
Level 9 vs. Level 10 399.926 1 399.926 67.530 0.000 0.542 
Level 10 vs. Level 11 85.426 1 85.426 11.226 0.001 0.165 
Level 11 vs. Level 12 344.315 1 344.315 21.673 0.000 0.275 
Level 12 vs. Level 13 6.553 1 6.553 0.348 0.558 0.006 
Level 13 vs. Level 14 90.242 1 90.242 23.430 0.000 0.291 
Level 14 vs. Level 15 49.516 1 49.516 34.615 0.000 0.378 
Level 15 vs. Level 16 44.663 1 44.663 40.616 0.000 0.416 
time * treat Level 1 vs. Level 2 27.676 2 13.838 3.972 0.024 0.122 
Level 2 vs. Level 3 331.196 2 165.598 8.441 0.001 0.228 
Level 3 vs. Level 4 9.548 2 4.774 0.333 0.718 0.012 
Level 4 vs. Level 5 193.362 2 96.681 10.421 0.000 0.268 
Level 5 vs. Level 6 81.167 2 40.583 4.356 0.017 0.133 
Level 6 vs. Level 7 319.099 2 159.550 12.898 0.000 0.312 
Level 7 vs. Level 8 98.614 2 49.307 7.961 0.001 0.218 
Level 8 vs. Level 9 95.006 2 47.503 6.386 0.003 0.183 
Level 9 vs. Level 10 64.837 2 32.418 5.474 0.007 0.161 
Level 10 vs. Level 11 4.846 2 2.423 0.318 0.729 0.011 
Level 11 vs. Level 12 13.682 2 6.841 0.431 0.652 0.015 
Level 12 vs. Level 13 44.945 2 22.472 1.192 0.311 0.040 
Level 13 vs. Level 14 17.251 2 8.626 2.240 0.116 0.073 
Level 14 vs. Level 15 3.270 2 1.635 1.143 0.326 0.039 
Level 15 vs. Level 16 5.834 2 2.917 2.653 0.079 0.085 
Error(time) Level 1 vs. Level 2 198.575 57 3.484       
Level 2 vs. Level 3 1118.252 57 19.618       
Level 3 vs. Level 4 817.898 57 14.349       
Level 4 vs. Level 5 528.834 57 9.278       
Level 5 vs. Level 6 530.996 57 9.316       
Level 6 vs. Level 7 705.076 57 12.370       
Level 7 vs. Level 8 353.035 57 6.194       
Level 8 vs. Level 9 424.006 57 7.439       
Level 9 vs. Level 10 337.563 57 5.922       
Level 10 vs. Level 11 433.769 57 7.610       
Level 11 vs. Level 12 905.544 57 15.887       
Level 12 vs. Level 13 1074.660 57 18.854       
Level 13 vs. Level 14 219.541 57 3.852       
Level 14 vs. Level 15 81.539 57 1.431       
Level 15 vs. Level 16 62.680 57 1.100       
                
Levene's Test of Equality of Error Variancesa     
  
Levene Statis-
tic df1 df2 Sig.     
w11_c_el_m Week 11: 
cracks: elongation: 
length (cm): mean 
Based on Mean 0.181 2 57 0.835     
Based on Median 0.087 2 57 0.917     
Based on Median and with ad-
justed df 
0.087 2 56.890 0.917 
    
Based on trimmed mean 0.155 2 57 0.857     
w12_c_el_m Week 12: 
cracks: elongation: 
length (cm): mean 
Based on Mean 0.353 2 57 0.704     
Based on Median 0.369 2 57 0.693     
Based on Median and with ad-
justed df 
0.369 2 55.968 0.693 
    
Based on trimmed mean 0.364 2 57 0.697     
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w21_c_el_m Week 21: 
cracks: elongation: 
length (cm): mean 
Based on Mean 0.082 2 57 0.922     
Based on Median 0.054 2 57 0.948     
Based on Median and with ad-
justed df 
0.054 2 56.474 0.948 
    
Based on trimmed mean 0.082 2 57 0.921     
w22_c_el_m Week 22: 
cracks: elongation: 
length (cm): mean 
Based on Mean 0.241 2 57 0.787     
Based on Median 0.271 2 57 0.763     
Based on Median and with ad-
justed df 
0.271 2 36.446 0.764 
    
Based on trimmed mean 0.265 2 57 0.768     
w31_c_el_m Week 31: 
cracks: elongation: 
length (cm): mean 
Based on Mean 0.314 2 57 0.731     
Based on Median 0.300 2 57 0.742     
Based on Median and with ad-
justed df 
0.300 2 38.869 0.742 
    
Based on trimmed mean 0.320 2 57 0.728     
w32_c_el_m Week 32: 
cracks: elongation: 
length (cm): mean 
Based on Mean 0.910 2 57 0.408     
Based on Median 0.790 2 57 0.459     
Based on Median and with ad-
justed df 
0.790 2 50.829 0.459 
    
Based on trimmed mean 0.843 2 57 0.436     
w41_c_el_m Week 41: 
cracks: elongation: 
length (cm): mean 
Based on Mean 1.618 2 57 0.207     
Based on Median 1.467 2 57 0.239     
Based on Median and with ad-
justed df 
1.467 2 46.971 0.241 
    
Based on trimmed mean 1.687 2 57 0.194     
w42_c_el_m Week 42: 
cracks: elongation: 
length (cm): mean 
Based on Mean 2.696 2 57 0.076     
Based on Median 2.260 2 57 0.114     
Based on Median and with ad-
justed df 
2.260 2 54.869 0.114 
    
Based on trimmed mean 2.662 2 57 0.078     
w51_c_el_m Week 51: 
cracks: elongation: 
length (cm): mean 
Based on Mean 4.558 2 57 0.015     
Based on Median 3.031 2 57 0.056     
Based on Median and with ad-
justed df 
3.031 2 53.405 0.057 
    
Based on trimmed mean 4.523 2 57 0.015     
w52_c_el_m Week 52: 
cracks: elongation: 
length (cm): mean 
Based on Mean 4.976 2 57 0.010     
Based on Median 3.912 2 57 0.026     
Based on Median and with ad-
justed df 
3.912 2 49.741 0.026 
    
Based on trimmed mean 4.830 2 57 0.012     
w61_c_el_m Week 61: 
cracks: elongation: 
length (cm): mean 
Based on Mean 3.625 2 57 0.033     
Based on Median 3.334 2 57 0.043     
Based on Median and with ad-
justed df 
3.334 2 49.638 0.044 
    
Based on trimmed mean 3.412 2 57 0.040     
w62_c_el_m Week 62: 
cracks: elongation: 
length (cm): mean 
Based on Mean 2.674 2 57 0.078     
Based on Median 2.655 2 57 0.079     
Based on Median and with ad-
justed df 
2.655 2 55.703 0.079 
    
Based on trimmed mean 2.750 2 57 0.072     
w71_c_el_m Week 71: 
cracks: elongation: 
length (cm): mean 
Based on Mean 1.148 2 57 0.325     
Based on Median 0.886 2 57 0.418     
Based on Median and with ad-
justed df 
0.886 2 56.947 0.418 
    
Based on trimmed mean 1.082 2 57 0.346     
w72_c_el_m Week 72: 
cracks: elongation: 
length (cm): mean 
Based on Mean 0.339 2 57 0.714     
Based on Median 0.206 2 57 0.815     
Based on Median and with ad-
justed df 
0.206 2 52.085 0.815 
    
Based on trimmed mean 0.319 2 57 0.728     
w81_c_el_m Week 81: 
cracks: elongation: 
length (cm): mean 
Based on Mean 0.184 2 57 0.833     
Based on Median 0.112 2 57 0.894     
Based on Median and with ad-
justed df 
0.112 2 49.255 0.894 
    
Based on trimmed mean 0.173 2 57 0.842     
w82_c_el_m Week 82: 
cracks: elongation: 
length (cm): mean 
Based on Mean 0.139 2 57 0.870     
Based on Median 0.099 2 57 0.906     
Based on Median and with ad-
justed df 
0.099 2 49.534 0.906 
    
Based on trimmed mean 0.133 2 57 0.876     
Tests the null hypothesis that the error variance of the dependent variable is equal across groups.     
a. Design: Intercept + treat  
 Within Subjects Design: time     
                
Tests of Between-Subjects Effects   
Measure:  MEASURE_1             
Transformed Varia-
ble:  
Average 
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Source Type III Sum of Squares df Mean Square F Sig. 
Partial Eta 
Squared   
Intercept 30018.330 1 30018.330 562.096 0.000 0.908   
treat 5981.067 2 2990.533 55.998 0.000 0.663   
Error 3044.043 57 53.404         
                
                
Estimated Marginal 
Means               
                
                
treat               
                
Estimates       
Measure:  MEASURE_1             
treat Mean Std. Error 
95% Confidence Interval       
Lower Bound Upper Bound       
Water sprinkling 8.258 1.634 4.986 11.531       
Open environment 29.900 1.634 26.628 33.172       
Concrete floor 28.944 1.634 25.672 32.216       
                
Pairwise Comparisons   
Measure:  MEASURE_1             
(I) treat 
Mean Differ-
ence (I-J) Std. Error Sig.b 
95% Confidence Interval for 
Differenceb   
Lower Bound Upper Bound   
Water sprinkling Open environment -21.641* 2.311 0.000 -27.342 -15.941   
Concrete floor -20.686* 2.311 0.000 -26.386 -14.985   
Open environment Water sprinkling 21.641* 2.311 0.000 15.941 27.342   
Concrete floor 0.956 2.311 1.000 -4.744 6.656   
Concrete floor Water sprinkling 20.686* 2.311 0.000 14.985 26.386   
Open environment -0.956 2.311 1.000 -6.656 4.744   
Based on estimated marginal means   
*. The mean difference is significant at the .05 level.   
b. Adjustment for multiple comparisons: Bonferroni.   
                
Univariate Tests   
Measure:  MEASURE_1             
  Sum of Squares df Mean Square F Sig. 
Partial Eta 
Squared   
Contrast 5981.067 2 2990.533 55.998 0.000 0.663   
Error 3044.043 57 53.404         
The F tests the effect of treat. This test is based on the linearly independent pairwise comparisons among the estimated marginal means.   
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Appendix E: Elongate Crack Width 
Between-Subjects Factors         
  Value Label N         
treat 1 Water sprin-
kling 
20 
        
2 Open envi-
ronment 
20 
        
3 Concrete 
floor 
20 
        
                
Descriptive Statistics       
treat Mean 
Std. Devia-
tion N       
w11_c_ew_m Week 11: 
cracks: elongation: 
width (mm): mean 
Water sprinkling 0.3088 0.39800 20       
Open environment 0.7346 0.50717 20       
Concrete floor 0.9511 0.52624 20       
Total 0.6648 0.54353 60       
w12_c_ew_m Week 12: 
cracks: elongation: 
width (mm): mean 
Water sprinkling 0.3313 0.42638 20       
Open environment 0.8040 0.50222 20       
Concrete floor 1.0425 0.57698 20       
Total 0.7259 0.57950 60       
w21_c_ew_m Week 21: 
cracks: elongation: 
width (mm): mean 
Water sprinkling 0.3488 0.44635 20       
Open environment 1.1351 0.26025 20       
Concrete floor 1.2260 0.56025 20       
Total 0.9033 0.58720 60       
w22_c_ew_m Week 22: 
cracks: elongation: 
width (mm): mean 
Water sprinkling 0.4275 0.44815 20       
Open environment 1.3850 0.48738 20       
Concrete floor 1.2238 0.53789 20       
Total 1.0121 0.64228 60       
w31_c_ew_m Week 31: 
cracks: elongation: 
width (mm): mean 
Water sprinkling 0.4448 0.46552 20       
Open environment 1.5573 0.48196 20       
Concrete floor 1.4997 0.74591 20       
Total 1.1673 0.76795 60       
w32_c_ew_m Week 32: 
cracks: elongation: 
width (mm): mean 
Water sprinkling 0.4698 0.44346 20       
Open environment 1.9828 0.78252 20       
Concrete floor 1.7188 0.94544 20       
Total 1.3905 0.99560 60       
w41_c_ew_m Week 41: 
cracks: elongation: 
width (mm): mean 
Water sprinkling 0.4796 0.45375 20       
Open environment 2.1897 0.89989 20       
Concrete floor 2.0046 1.18199 20       
Total 1.5580 1.17223 60       
w42_c_ew_m Week 42: 
cracks: elongation: 
width (mm): mean 
Water sprinkling 0.4796 0.45375 20       
Open environment 2.7841 1.01517 20       
Concrete floor 2.5710 1.29427 20       
Total 1.9449 1.42725 60       
w51_c_ew_m Week 51: 
cracks: elongation: 
width (mm): mean 
Water sprinkling 0.4898 0.46572 20       
Open environment 3.2337 1.17494 20       
Concrete floor 2.9142 1.35121 20       
Total 2.2126 1.62138 60       
w52_c_ew_m Week 52: 
cracks: elongation: 
width (mm): mean 
Water sprinkling 0.5762 0.48898 20       
Open environment 4.0273 1.48087 20       
Concrete floor 3.7807 1.62389 20       
Total 2.7947 2.03604 60       
w61_c_ew_m Week 61: 
cracks: elongation: 
width (mm): mean 
Water sprinkling 0.6201 0.48842 20       
Open environment 4.1570 1.48612 20       
Concrete floor 3.9609 1.61450 20       
Total 2.9127 2.07520 60       
w62_c_ew_m Week 62: 
cracks: elongation: 
width (mm): mean 
Water sprinkling 0.7457 0.47330 20       
Open environment 4.4876 1.66802 20       
Concrete floor 4.4366 1.89385 20       
Total 3.2233 2.29017 60       
w71_c_ew_m Week 71: 
cracks: elongation: 
width (mm): mean 
Water sprinkling 0.8049 0.47578 20       
Open environment 4.6058 1.73738 20       
Concrete floor 4.4321 1.70635 20       
Total 3.2809 2.25943 60       
w72_c_ew_m Week 72: 
cracks: elongation: 
width (mm): mean 
Water sprinkling 0.8767 0.50757 20       
Open environment 4.6733 1.75791 20       
Concrete floor 4.5844 1.73051 20       
Total 3.3781 2.28592 60       
Water sprinkling 0.9012 0.52792 20       
Open environment 4.8032 1.84416 20       
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w81_c_ew_m Week 81: 
cracks: elongation: 
width (mm): mean 
Concrete floor 4.6639 1.69327 20       
Total 3.4561 2.33038 60 
      
w82_c_ew_m Week 82: 
cracks: elongation: 
width (mm): mean 
Water sprinkling 0.9127 0.53540 20       
Open environment 5.1250 2.04089 20       
Concrete floor 5.2262 1.82444 20       
Total 3.7546 2.57179 60       
                
Box's Test of Equality of Covariance Matricesa             
Box's M 399.144             
F 1.576             
df1 136             
df2 4459.212             
Sig. 0.000             
Tests the null hypothesis that the observed covariance 
matrices of the dependent variables are equal across 
groups.             
a. Design: Intercept + treat  
 Within Subjects Design: time             
                
Multivariate Testsa 
Effect Value F Hypothesis df Error df Sig. 
Partial Eta 
Squared 
time Pillai's Trace 0.901 26.103b 15.000 43.000 0.000 0.901 
Wilks' Lambda 0.099 26.103b 15.000 43.000 0.000 0.901 
Hotelling's Trace 9.106 26.103b 15.000 43.000 0.000 0.901 
Roy's Largest Root 9.106 26.103b 15.000 43.000 0.000 0.901 
time * treat Pillai's Trace 1.352 6.122 30.000 88.000 0.000 0.676 
Wilks' Lambda 0.090 6.701b 30.000 86.000 0.000 0.700 
Hotelling's Trace 5.218 7.305 30.000 84.000 0.000 0.723 
Roy's Largest Root 3.982 11.679c 15.000 44.000 0.000 0.799 
a. Design: Intercept + treat  
 Within Subjects Design: time 
b. Exact statistic 
c. The statistic is an upper bound on F that yields a lower bound on the significance level. 
                
Mauchly's Test of Sphericitya 
Measure:  MEASURE_1             
Within Subjects Effect Mauchly's W 
Approx. Chi-
Square df Sig. 
Epsilonb 
Greenhouse-
Geisser Huynh-Feldt Lower-bound 
time 0.000 1708.288 119 0.000 0.116 0.123 0.067 
Tests the null hypothesis that the error covariance matrix of the orthonormalized transformed dependent variables is proportional to an identity matrix. 
a. Design: Intercept + treat  
 Within Subjects Design: time 
b. May be used to adjust the degrees of freedom for the averaged tests of significance. Corrected tests are displayed in the Tests of Within-Subjects Effects table. 
                
Tests of Within-Subjects Effects 
Measure:  MEASURE_1             
Source 
Type III Sum 
of Squares df Mean Square F Sig. 
Partial Eta 
Squared 
time Sphericity Assumed 1094.364 15 72.958 184.882 0.000 0.764 
Greenhouse-Geisser 1094.364 1.733 631.532 184.882 0.000 0.764 
Huynh-Feldt 1094.364 1.845 593.125 184.882 0.000 0.764 
Lower-bound 1094.364 1.000 1094.364 184.882 0.000 0.764 
time * treat Sphericity Assumed 373.785 30 12.460 31.574 0.000 0.526 
Greenhouse-Geisser 373.785 3.466 107.851 31.574 0.000 0.526 
Huynh-Feldt 373.785 3.690 101.292 31.574 0.000 0.526 
Lower-bound 373.785 2.000 186.893 31.574 0.000 0.526 
Error(time) Sphericity Assumed 337.398 855 0.395       
Greenhouse-Geisser 337.398 98.774 3.416       
Huynh-Feldt 337.398 105.170 3.208       
Lower-bound 337.398 57.000 5.919       
                
Tests of Within-Subjects Contrasts 
Measure:  MEASURE_1             
Source 
Type III Sum 
of Squares df Mean Square F Sig. 
Partial Eta 
Squared 
time Level 1 vs. Level 2 0.224 1 0.224 10.258 0.002 0.153 
Level 2 vs. Level 3 1.888 1 1.888 24.106 0.000 0.297 
Level 3 vs. Level 4 0.711 1 0.711 8.191 0.006 0.126 
Level 4 vs. Level 5 1.444 1 1.444 29.304 0.000 0.340 
Level 5 vs. Level 6 2.989 1 2.989 23.953 0.000 0.296 
Level 6 vs. Level 7 1.684 1 1.684 10.517 0.002 0.156 
Level 7 vs. Level 8 8.981 1 8.981 107.626 0.000 0.654 
Level 8 vs. Level 9 4.300 1 4.300 14.200 0.000 0.199 
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Level 9 vs. Level 10 20.335 1 20.335 175.293 0.000 0.755 
Level 10 vs. Level 11 0.834 1 0.834 25.376 0.000 0.308 
Level 11 vs. Level 12 5.790 1 5.790 42.613 0.000 0.428 
Level 12 vs. Level 13 0.199 1 0.199 0.862 0.357 0.015 
Level 13 vs. Level 14 0.567 1 0.567 34.691 0.000 0.378 
Level 14 vs. Level 15 0.364 1 0.364 18.294 0.000 0.243 
Level 15 vs. Level 16 5.348 1 5.348 97.252 0.000 0.630 
time * treat Level 1 vs. Level 2 0.050 2 0.025 1.135 0.328 0.038 
Level 2 vs. Level 3 0.985 2 0.492 6.289 0.003 0.181 
Level 3 vs. Level 4 0.662 2 0.331 3.818 0.028 0.118 
Level 4 vs. Level 5 0.678 2 0.339 6.875 0.002 0.194 
Level 5 vs. Level 6 1.604 2 0.802 6.427 0.003 0.184 
Level 6 vs. Level 7 0.808 2 0.404 2.524 0.089 0.081 
Level 7 vs. Level 8 4.498 2 2.249 26.953 0.000 0.486 
Level 8 vs. Level 9 2.103 2 1.051 3.473 0.038 0.109 
Level 9 vs. Level 10 7.426 2 3.713 32.008 0.000 0.529 
Level 10 vs. Level 11 0.190 2 0.095 2.886 0.064 0.092 
Level 11 vs. Level 12 1.238 2 0.619 4.554 0.015 0.138 
Level 12 vs. Level 13 0.151 2 0.075 0.326 0.723 0.011 
Level 13 vs. Level 14 0.091 2 0.046 2.791 0.070 0.089 
Level 14 vs. Level 15 0.111 2 0.056 2.792 0.070 0.089 
Level 15 vs. Level 16 3.051 2 1.525 27.737 0.000 0.493 
Error(time) Level 1 vs. Level 2 1.245 57 0.022       
Level 2 vs. Level 3 4.463 57 0.078       
Level 3 vs. Level 4 4.944 57 0.087       
Level 4 vs. Level 5 2.809 57 0.049       
Level 5 vs. Level 6 7.113 57 0.125       
Level 6 vs. Level 7 9.125 57 0.160       
Level 7 vs. Level 8 4.757 57 0.083       
Level 8 vs. Level 9 17.259 57 0.303       
Level 9 vs. Level 10 6.612 57 0.116       
Level 10 vs. Level 11 1.874 57 0.033       
Level 11 vs. Level 12 7.745 57 0.136       
Level 12 vs. Level 13 13.187 57 0.231       
Level 13 vs. Level 14 0.931 57 0.016       
Level 14 vs. Level 15 1.136 57 0.020       
Level 15 vs. Level 16 3.134 57 0.055       
                
Levene's Test of Equality of Error Variancesa     
  
Levene Sta-
tistic df1 df2 Sig.     
w11_c_ew_m Week 11: 
cracks: elongation: 
width (mm): mean 
Based on Mean 0.453 2 57 0.638     
Based on Median 0.131 2 57 0.878     
Based on Median and with 
adjusted df 
0.131 2 55.417 0.878 
    
Based on trimmed mean 0.437 2 57 0.648     
w12_c_ew_m Week 12: 
cracks: elongation: 
width (mm): mean 
Based on Mean 0.088 2 57 0.916     
Based on Median 0.136 2 57 0.873     
Based on Median and with 
adjusted df 
0.136 2 56.729 0.873 
    
Based on trimmed mean 0.076 2 57 0.927     
w21_c_ew_m Week 21: 
cracks: elongation: 
width (mm): mean 
Based on Mean 4.338 2 57 0.018     
Based on Median 1.579 2 57 0.215     
Based on Median and with 
adjusted df 
1.579 2 42.450 0.218 
    
Based on trimmed mean 4.125 2 57 0.021     
w22_c_ew_m Week 22: 
cracks: elongation: 
width (mm): mean 
Based on Mean 0.438 2 57 0.647     
Based on Median 0.443 2 57 0.645     
Based on Median and with 
adjusted df 
0.443 2 46.074 0.645 
    
Based on trimmed mean 0.460 2 57 0.634     
w31_c_ew_m Week 31: 
cracks: elongation: 
width (mm): mean 
Based on Mean 1.130 2 57 0.330     
Based on Median 0.980 2 57 0.382     
Based on Median and with 
adjusted df 
0.980 2 36.204 0.385 
    
Based on trimmed mean 1.143 2 57 0.326     
w32_c_ew_m Week 32: 
cracks: elongation: 
width (mm): mean 
Based on Mean 2.394 2 57 0.100     
Based on Median 1.838 2 57 0.168     
Based on Median and with 
adjusted df 
1.838 2 41.789 0.172 
    
Based on trimmed mean 2.359 2 57 0.104     
w41_c_ew_m Week 41: 
cracks: elongation: 
width (mm): mean 
Based on Mean 5.817 2 57 0.005     
Based on Median 4.313 2 57 0.018     
Based on Median and with 
adjusted df 
4.313 2 40.535 0.020 
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Based on trimmed mean 5.774 2 57 0.005     
w42_c_ew_m Week 42: 
cracks: elongation: 
width (mm): mean 
Based on Mean 6.672 2 57 0.002     
Based on Median 4.916 2 57 0.011     
Based on Median and with 
adjusted df 
4.916 2 40.183 0.012 
    
Based on trimmed mean 6.510 2 57 0.003     
w51_c_ew_m Week 51: 
cracks: elongation: 
width (mm): mean 
Based on Mean 6.560 2 57 0.003     
Based on Median 5.541 2 57 0.006     
Based on Median and with 
adjusted df 
5.541 2 41.575 0.007 
    
Based on trimmed mean 6.386 2 57 0.003     
w52_c_ew_m Week 52: 
cracks: elongation: 
width (mm): mean 
Based on Mean 7.236 2 57 0.002     
Based on Median 7.274 2 57 0.002     
Based on Median and with 
adjusted df 
7.274 2 42.453 0.002 
    
Based on trimmed mean 7.189 2 57 0.002     
w61_c_ew_m Week 61: 
cracks: elongation: 
width (mm): mean 
Based on Mean 7.382 2 57 0.001     
Based on Median 7.129 2 57 0.002     
Based on Median and with 
adjusted df 
7.129 2 42.101 0.002 
    
Based on trimmed mean 7.407 2 57 0.001     
w62_c_ew_m Week 62: 
cracks: elongation: 
width (mm): mean 
Based on Mean 11.162 2 57 0.000     
Based on Median 10.492 2 57 0.000     
Based on Median and with 
adjusted df 
10.492 2 42.306 0.000 
    
Based on trimmed mean 11.094 2 57 0.000     
w71_c_ew_m Week 71: 
cracks: elongation: 
width (mm): mean 
Based on Mean 9.790 2 57 0.000     
Based on Median 8.543 2 57 0.001     
Based on Median and with 
adjusted df 
8.543 2 41.702 0.001 
    
Based on trimmed mean 9.433 2 57 0.000     
w72_c_ew_m Week 72: 
cracks: elongation: 
width (mm): mean 
Based on Mean 9.641 2 57 0.000     
Based on Median 8.774 2 57 0.000     
Based on Median and with 
adjusted df 
8.774 2 42.376 0.001 
    
Based on trimmed mean 9.387 2 57 0.000     
w81_c_ew_m Week 81: 
cracks: elongation: 
width (mm): mean 
Based on Mean 10.450 2 57 0.000     
Based on Median 9.068 2 57 0.000     
Based on Median and with 
adjusted df 
9.068 2 41.989 0.001 
    
Based on trimmed mean 10.136 2 57 0.000     
w82_c_ew_m Week 82: 
cracks: elongation: 
width (mm): mean 
Based on Mean 11.184 2 57 0.000     
Based on Median 9.818 2 57 0.000     
Based on Median and with 
adjusted df 
9.818 2 39.904 0.000 
    
Based on trimmed mean 10.876 2 57 0.000     
Tests the null hypothesis that the error variance of the dependent variable is equal across groups.     
a. Design: Intercept + treat  
 Within Subjects Design: time     
                
Tests of Between-Subjects Effects   
Measure:  MEASURE_1             
Transformed Varia-
ble:  
Average 
            
Source Type III Sum of Squares df Mean Square F Sig. 
Partial Eta 
Squared   
Intercept 277.022 1 277.022 332.359 0.000 0.854   
treat 74.280 2 37.140 44.559 0.000 0.610   
Error 47.510 57 0.834         
                
                
Estimated Marginal 
Means               
                
                
treat               
                
Estimates       
Measure:  MEASURE_1             
treat Mean Std. Error 
95% Confidence Interval       
Lower 
Bound Upper Bound       
Water sprinkling 0.576 0.204 0.167 0.985       
Open environment 2.980 0.204 2.572 3.389       
Concrete floor 2.890 0.204 2.481 3.299       
                
Pairwise Comparisons   
Measure:  MEASURE_1             
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(I) treat 
Mean Differ-
ence (I-J) Std. Error Sig.b 
95% Confidence Interval for 
Differenceb   
Lower Bound Upper Bound   
Water sprinkling Open environment -2.404* 0.289 0.000 -3.116 -1.692   
Concrete floor -2.314* 0.289 0.000 -3.026 -1.602   
Open environment Water sprinkling 2.404* 0.289 0.000 1.692 3.116   
Concrete floor 0.091 0.289 1.000 -0.622 0.803   
Concrete floor Water sprinkling 2.314* 0.289 0.000 1.602 3.026   
Open environment -0.091 0.289 1.000 -0.803 0.622   
Based on estimated marginal means   
*. The mean difference is significant at the .05 level.   
b. Adjustment for multiple comparisons: Bonferroni.   
                
Univariate Tests   
Measure:  MEASURE_1             
  Sum of Squares df Mean Square F Sig. 
Partial Eta 
Squared   
Contrast 74.280 2 37.140 44.559 0.000 0.610   
Error 47.510 57 0.834         
The F tests the effect of treat. This test is based on the linearly independent pairwise comparisons among the estimated marginal means.   
                
 
Appendix F: Elongate Cracks Count 
Between-Subjects Factors         
  Value Label N         
treat 1 Water sprin-
kling 
20 
        
2 Open envi-
ronment 
20 
        
3 Concrete 
floor 
20 
        
                
Descriptive Statistics       
treat Mean 
Std. Devia-
tion N       
w11_c_el Week 11: 
cracks: elongation: 
length (cm): count 
Water sprinkling 0.8000 1.10501 20       
Open environment 1.5000 1.19208 20       
Concrete floor 1.7500 1.55174 20       
Total 1.3500 1.33816 60       
w12_c_el Week 12: 
cracks: elongation: 
length (cm): count 
Water sprinkling 0.8000 1.10501 20       
Open environment 1.7000 1.38031 20       
Concrete floor 1.9500 1.57196 20       
Total 1.4833 1.43198 60       
w21_c_el Week 21: 
cracks: elongation: 
length (cm): count 
Water sprinkling 0.8000 1.10501 20       
Open environment 2.8000 1.10501 20       
Concrete floor 2.4000 1.60263 20       
Total 2.0000 1.54042 60       
w22_c_el Week 22: 
cracks: elongation: 
length (cm): count 
Water sprinkling 1.0000 1.12390 20       
Open environment 3.5500 1.14593 20       
Concrete floor 2.9000 1.80351 20       
Total 2.4833 1.75143 60       
w31_c_el Week 31: 
cracks: elongation: 
length (cm): count 
Water sprinkling 1.0000 1.12390 20       
Open environment 4.0500 1.14593 20       
Concrete floor 2.9000 1.80351 20       
Total 2.6500 1.86697 60       
w32_c_el Week 32: 
cracks: elongation: 
length (cm): count 
Water sprinkling 1.2500 1.25132 20       
Open environment 4.5500 0.99868 20       
Concrete floor 3.3000 1.71985 20       
Total 3.0333 1.91308 60       
w41_c_el Week 41: 
cracks: elongation: 
length (cm): count 
Water sprinkling 1.2500 1.25132 20       
Open environment 4.9000 0.44721 20       
Concrete floor 3.9000 1.68273 20       
Total 3.3500 1.97291 60       
w42_c_el Week 42: 
cracks: elongation: 
length (cm): count 
Water sprinkling 1.2500 1.25132 20       
Open environment 4.9500 0.22361 20       
Concrete floor 4.1000 1.51831 20       
Total 3.4333 1.95168 60       
w51_c_el Week 51: 
cracks: elongation: 
length (cm): count 
Water sprinkling 1.2500 1.25132 20       
Open environment 4.9500 0.22361 20       
Concrete floor 4.3000 1.26074 20       
Total 3.5000 1.91780 60       
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w52_c_el Week 52: 
cracks: elongation: 
length (cm): count 
Water sprinkling 1.4000 1.27321 20       
Open environment 4.9500 0.22361 20       
Concrete floor 4.3000 1.26074 20       
Total 3.5500 1.86334 60       
w61_c_el Week 61: 
cracks: elongation: 
length (cm): count 
Water sprinkling 1.5500 1.35627 20       
Open environment 4.9500 0.22361 20       
Concrete floor 4.4000 1.23117 20       
Total 3.6333 1.83161 60       
w62_c_el Week 62: 
cracks: elongation: 
length (cm): count 
Water sprinkling 1.9000 1.44732 20       
Open environment 5.0000 0.00000 20       
Concrete floor 4.4000 1.23117 20       
Total 3.7667 1.73075 60       
w71_c_el Week 71: 
cracks: elongation: 
length (cm): count 
Water sprinkling 2.2000 1.57614 20       
Open environment 5.0000 0.00000 20       
Concrete floor 4.4500 1.09904 20       
Total 3.8833 1.63740 60       
w72_c_el Week 72: 
cracks: elongation: 
length (cm): count 
Water sprinkling 2.2500 1.65036 20       
Open environment 5.0000 0.00000 20       
Concrete floor 4.4500 1.09904 20       
Total 3.9000 1.64368 60       
w81_c_el Week 81: 
cracks: elongation: 
length (cm): count 
Water sprinkling 2.2500 1.65036 20       
Open environment 5.0000 0.00000 20       
Concrete floor 4.4500 1.09904 20       
Total 3.9000 1.64368 60       
w82_c_el Week 82: 
cracks: elongation: 
length (cm): count 
Water sprinkling 2.2500 1.65036 20       
Open environment 5.0000 0.00000 20       
Concrete floor 4.4500 1.09904 20       
Total 3.9000 1.64368 60       
                
Multivariate Testsa 
Effect Value F Hypothesis df Error df Sig. 
Partial Eta 
Squared 
time Pillai's Trace 0.804 14.167b 13.000 45.000 0.000 0.804 
Wilks' Lambda 0.196 14.167b 13.000 45.000 0.000 0.804 
Hotelling's Trace 4.093 14.167b 13.000 45.000 0.000 0.804 
Roy's Largest Root 4.093 14.167b 13.000 45.000 0.000 0.804 
time * treat Pillai's Trace 0.929 3.071 26.000 92.000 0.000 0.465 
Wilks' Lambda 0.253 3.422b 26.000 90.000 0.000 0.497 
Hotelling's Trace 2.234 3.781 26.000 88.000 0.000 0.528 
Roy's Largest Root 1.843 6.523c 13.000 46.000 0.000 0.648 
a. Design: Intercept + treat  
 Within Subjects Design: time 
b. Exact statistic 
c. The statistic is an upper bound on F that yields a lower bound on the significance level. 
                
Mauchly's Test of Sphericitya 
Measure:  MEASURE_1             
Within Subjects Effect Mauchly's W 
Approx. Chi-
Square df Sig. 
Epsilonb 
Greenhouse-
Geisser Huynh-Feldt Lower-bound 
time 0.000   119   0.192 0.210 0.067 
Tests the null hypothesis that the error covariance matrix of the orthonormalized transformed dependent variables is proportional to an identity matrix. 
a. Design: Intercept + treat  
 Within Subjects Design: time 
b. May be used to adjust the degrees of freedom for the averaged tests of significance. Corrected tests are displayed in the Tests of Within-Subjects Effects table. 
                
Tests of Within-Subjects Effects 
Measure:  MEASURE_1             
Source 
Type III Sum 
of Squares df Mean Square F Sig. 
Partial Eta 
Squared 
time Sphericity Assumed 676.141 15 45.076 86.926 0.000 0.604 
Greenhouse-Geisser 676.141 2.874 235.236 86.926 0.000 0.604 
Huynh-Feldt 676.141 3.149 214.695 86.926 0.000 0.604 
Lower-bound 676.141 1.000 676.141 86.926 0.000 0.604 
time * treat Sphericity Assumed 136.181 30 4.539 8.754 0.000 0.235 
Greenhouse-Geisser 136.181 5.749 23.689 8.754 0.000 0.235 
Huynh-Feldt 136.181 6.299 21.621 8.754 0.000 0.235 
Lower-bound 136.181 2.000 68.091 8.754 0.000 0.235 
Error(time) Sphericity Assumed 443.366 855 0.519       
Greenhouse-Geisser 443.366 163.835 2.706       
Huynh-Feldt 443.366 179.510 2.470       
Lower-bound 443.366 57.000 7.778       
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Tests of Within-Subjects Contrasts 
Measure:  MEASURE_1             
Source 
Type III Sum 
of Squares df Mean Square F Sig. 
Partial Eta 
Squared 
time Level 1 vs. Level 2 1.067 1 1.067 3.707 0.059 0.061 
Level 2 vs. Level 3 16.017 1 16.017 22.404 0.000 0.282 
Level 3 vs. Level 4 14.017 1 14.017 19.999 0.000 0.260 
Level 4 vs. Level 5 1.667 1 1.667 7.308 0.009 0.114 
Level 5 vs. Level 6 8.817 1 8.817 13.383 0.001 0.190 
Level 6 vs. Level 7 6.017 1 6.017 8.715 0.005 0.133 
Level 7 vs. Level 8 0.417 1 0.417 3.862 0.054 0.063 
Level 8 vs. Level 9 0.267 1 0.267 1.652 0.204 0.028 
Level 9 vs. Level 10 0.150 1 0.150 1.879 0.176 0.032 
Level 10 vs. Level 11 0.417 1 0.417 5.460 0.023 0.087 
Level 11 vs. Level 12 1.067 1 1.067 11.055 0.002 0.162 
Level 12 vs. Level 13 0.817 1 0.817 6.510 0.013 0.103 
Level 13 vs. Level 14 0.017 1 0.017 1.000 0.322 0.017 
Level 14 vs. Level 15 0.000 1 0.000       
Level 15 vs. Level 16 0.000 1 0.000       
time * treat Level 1 vs. Level 2 0.533 2 0.267 0.927 0.402 0.031 
Level 2 vs. Level 3 12.233 2 6.117 8.556 0.001 0.231 
Level 3 vs. Level 4 3.033 2 1.517 2.164 0.124 0.071 
Level 4 vs. Level 5 3.333 2 1.667 7.308 0.001 0.204 
Level 5 vs. Level 6 0.633 2 0.317 0.481 0.621 0.017 
Level 6 vs. Level 7 3.633 2 1.817 2.632 0.081 0.085 
Level 7 vs. Level 8 0.433 2 0.217 2.008 0.144 0.066 
Level 8 vs. Level 9 0.533 2 0.267 1.652 0.201 0.055 
Level 9 vs. Level 10 0.300 2 0.150 1.879 0.162 0.062 
Level 10 vs. Level 11 0.233 2 0.117 1.529 0.226 0.051 
Level 11 vs. Level 12 1.433 2 0.717 7.427 0.001 0.207 
Level 12 vs. Level 13 1.033 2 0.517 4.119 0.021 0.126 
Level 13 vs. Level 14 0.033 2 0.017 1.000 0.374 0.034 
Level 14 vs. Level 15 0.000 2 0.000       
Level 15 vs. Level 16 0.000 2 0.000       
Error(time) Level 1 vs. Level 2 16.400 57 0.288       
Level 2 vs. Level 3 40.750 57 0.715       
Level 3 vs. Level 4 39.950 57 0.701       
Level 4 vs. Level 5 13.000 57 0.228       
Level 5 vs. Level 6 37.550 57 0.659       
Level 6 vs. Level 7 39.350 57 0.690       
Level 7 vs. Level 8 6.150 57 0.108       
Level 8 vs. Level 9 9.200 57 0.161       
Level 9 vs. Level 10 4.550 57 0.080       
Level 10 vs. Level 11 4.350 57 0.076       
Level 11 vs. Level 12 5.500 57 0.096       
Level 12 vs. Level 13 7.150 57 0.125       
Level 13 vs. Level 14 0.950 57 0.017       
Level 14 vs. Level 15 0.000 57 0.000       
Level 15 vs. Level 16 0.000 57 0.000       
                
Levene's Test of Equality of Error Variancesa     
  
Levene Sta-
tistic df1 df2 Sig.     
w11_c_el Week 11: 
cracks: elongation: 
length (cm): count 
Based on Mean 1.633 2 57 0.204     
Based on Median 0.535 2 57 0.589     
Based on Median and with 
adjusted df 
0.535 2 50.842 0.589 
    
Based on trimmed mean 1.466 2 57 0.239     
w12_c_el Week 12: 
cracks: elongation: 
length (cm): count 
Based on Mean 1.681 2 57 0.195     
Based on Median 1.677 2 57 0.196     
Based on Median and with 
adjusted df 
1.677 2 53.692 0.197 
    
Based on trimmed mean 1.772 2 57 0.179     
w21_c_el Week 21: 
cracks: elongation: 
length (cm): count 
Based on Mean 4.225 2 57 0.019     
Based on Median 3.095 2 57 0.053     
Based on Median and with 
adjusted df 
3.095 2 48.859 0.054 
    
Based on trimmed mean 4.160 2 57 0.021     
w22_c_el Week 22: 
cracks: elongation: 
length (cm): count 
Based on Mean 4.181 2 57 0.020     
Based on Median 2.707 2 57 0.075     
Based on Median and with 
adjusted df 
2.707 2 53.608 0.076 
    
Based on trimmed mean 3.934 2 57 0.025     
Based on Mean 4.287 2 57 0.018     
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w31_c_el Week 31: 
cracks: elongation: 
length (cm): count 
Based on Median 2.854 2 57 0.066     
Based on Median and with 
adjusted df 
2.854 2 52.951 0.067 
    
Based on trimmed mean 4.041 2 57 0.023     
w32_c_el Week 32: 
cracks: elongation: 
length (cm): count 
Based on Mean 6.494 2 57 0.003     
Based on Median 5.496 2 57 0.007     
Based on Median and with 
adjusted df 
5.496 2 43.779 0.007 
    
Based on trimmed mean 6.879 2 57 0.002     
w41_c_el Week 41: 
cracks: elongation: 
length (cm): count 
Based on Mean 18.475 2 57 0.000     
Based on Median 6.435 2 57 0.003     
Based on Median and with 
adjusted df 
6.435 2 25.051 0.006 
    
Based on trimmed mean 17.097 2 57 0.000     
w42_c_el Week 42: 
cracks: elongation: 
length (cm): count 
Based on Mean 29.263 2 57 0.000     
Based on Median 7.689 2 57 0.001     
Based on Median and with 
adjusted df 
7.689 2 23.803 0.003 
    
Based on trimmed mean 25.581 2 57 0.000     
w51_c_el Week 51: 
cracks: elongation: 
length (cm): count 
Based on Mean 24.286 2 57 0.000     
Based on Median 9.766 2 57 0.000     
Based on Median and with 
adjusted df 
9.766 2 25.936 0.001 
    
Based on trimmed mean 21.502 2 57 0.000     
w52_c_el Week 52: 
cracks: elongation: 
length (cm): count 
Based on Mean 23.673 2 57 0.000     
Based on Median 7.122 2 57 0.002     
Based on Median and with 
adjusted df 
7.122 2 34.793 0.003 
    
Based on trimmed mean 21.198 2 57 0.000     
w61_c_el Week 61: 
cracks: elongation: 
length (cm): count 
Based on Mean 18.703 2 57 0.000     
Based on Median 8.152 2 57 0.001     
Based on Median and with 
adjusted df 
8.152 2 34.415 0.001 
    
Based on trimmed mean 17.095 2 57 0.000     
w62_c_el Week 62: 
cracks: elongation: 
length (cm): count 
Based on Mean 20.155 2 57 0.000     
Based on Median 10.260 2 57 0.000     
Based on Median and with 
adjusted df 
10.260 2 31.836 0.000 
    
Based on trimmed mean 17.232 2 57 0.000     
w71_c_el Week 71: 
cracks: elongation: 
length (cm): count 
Based on Mean 17.614 2 57 0.000     
Based on Median 9.759 2 57 0.000     
Based on Median and with 
adjusted df 
9.759 2 37.702 0.000 
    
Based on trimmed mean 15.785 2 57 0.000     
w72_c_el Week 72: 
cracks: elongation: 
length (cm): count 
Based on Mean 18.077 2 57 0.000     
Based on Median 10.010 2 57 0.000     
Based on Median and with 
adjusted df 
10.010 2 37.973 0.000 
    
Based on trimmed mean 16.389 2 57 0.000     
w81_c_el Week 81: 
cracks: elongation: 
length (cm): count 
Based on Mean 18.077 2 57 0.000     
Based on Median 10.010 2 57 0.000     
Based on Median and with 
adjusted df 
10.010 2 37.973 0.000 
    
Based on trimmed mean 16.389 2 57 0.000     
w82_c_el Week 82: 
cracks: elongation: 
length (cm): count 
Based on Mean 18.077 2 57 0.000     
Based on Median 10.010 2 57 0.000     
Based on Median and with 
adjusted df 
10.010 2 37.973 0.000 
    
Based on trimmed mean 16.389 2 57 0.000     
Tests the null hypothesis that the error variance of the dependent variable is equal across groups.     
a. Design: Intercept + treat  
 Within Subjects Design: time     
                
Tests of Between-Subjects Effects   
Measure:  MEASURE_1             
Transformed Varia-
ble:  
Average 
            
Source Type III Sum of Squares df Mean Square F Sig. 
Partial Eta 
Squared   
Intercept 581.649 1 581.649 594.167 0.000 0.912   
treat 86.510 2 43.255 44.186 0.000 0.608   
Error 55.799 57 0.979         
                
                
Estimated Marginal 
Means               
                
                
treat               
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Estimates       
Measure:  MEASURE_1             
treat Mean Std. Error 
95% Confidence Interval       
Lower 
Bound Upper Bound       
Water sprinkling 1.450 0.221 1.007 1.893       
Open environment 4.241 0.221 3.798 4.684       
Concrete floor 3.650 0.221 3.207 4.093       
                
Pairwise Comparisons   
Measure:  MEASURE_1             
(I) treat 
Mean Differ-
ence (I-J) Std. Error Sig.b 
95% Confidence Interval for 
Differenceb   
Lower Bound Upper Bound   
Water sprinkling Open environment -2.791* 0.313 0.000 -3.562 -2.019   
Concrete floor -2.200* 0.313 0.000 -2.972 -1.428   
Open environment Water sprinkling 2.791* 0.313 0.000 2.019 3.562   
Concrete floor 0.591 0.313 0.192 -0.181 1.362   
Concrete floor Water sprinkling 2.200* 0.313 0.000 1.428 2.972   
Open environment -0.591 0.313 0.192 -1.362 0.181   
Based on estimated marginal means   
*. The mean difference is significant at the .05 level.   
b. Adjustment for multiple comparisons: Bonferroni.   
                
Univariate Tests   
Measure:  MEASURE_1             
  Sum of Squares df Mean Square F Sig. 
Partial Eta 
Squared   
Contrast 86.510 2 43.255 44.186 0.000 0.608   
Error 55.799 57 0.979         
The F tests the effect of treat. This test is based on the linearly independent pairwise comparisons among the estimated marginal means.   
                
 
Appendix G: Pod Moisture Content 
Between-Subjects Factors         
  Value Label N         
treat 1 Water sprin-
kling 
20 
        
2 Open envi-
ronment 
20 
        
3 Concrete 
floor 
20 
        
                
Descriptive Statistics       
treat Mean 
Std. Devia-
tion N       
w11_mc_p Week 1.1: 
moisture content: pod 
(averaged) 
Water sprinkling 40.7125 9.13125 20       
Open environment 40.0500 10.76516 20       
Concrete floor 46.4483 11.52748 20       
Total 42.4036 10.74043 60       
w12_mc_p Week 1.2: 
moisture content: pod 
(averaged) 
Water sprinkling 56.5200 9.32289 20       
Open environment 44.0733 13.08905 20       
Concrete floor 45.2533 12.79947 20       
Total 48.6156 12.95859 60       
w21_mc_p Week 2.1: 
moisture content: pod 
(averaged) 
Water sprinkling 51.3158 8.22156 20       
Open environment 32.7833 9.85820 20       
Concrete floor 40.2358 11.00227 20       
Total 41.4450 12.28830 60       
w22_mc_p Week 2.2: 
moisture content: pod 
(averaged) 
Water sprinkling 52.5542 20.85307 20       
Open environment 29.4392 9.44834 20       
Concrete floor 33.9792 7.99195 20       
Total 38.6575 17.05997 60       
w31_mc_p Week 3.1: 
moisture content: pod 
(averaged) 
Water sprinkling 45.6808 8.05724 20       
Open environment 28.6558 8.91902 20       
Concrete floor 36.1067 9.86075 20       
Total 36.8144 11.27911 60       
w32_mc_p Week 3.2: 
moisture content: pod 
(averaged) 
Water sprinkling 45.0975 7.33101 20       
Open environment 24.1450 7.48525 20       
Concrete floor 29.1158 6.25754 20       
Total 32.7861 11.36741 60       
Water sprinkling 42.4542 9.38686 20       
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w41_mc_p Week 4.1: 
moisture content: pod 
(averaged) 
Open environment 23.7108 8.24519 20       
Concrete floor 25.8308 5.24558 20       
Total 30.6653 11.42619 60       
w42_mc_p Week 4.2: 
moisture content: pod 
(averaged) 
Water sprinkling 43.5767 11.02623 20       
Open environment 21.2908 6.48132 20       
Concrete floor 25.7950 7.38375 20       
Total 30.2208 12.82095 60       
w51_mc_p Week 5.1: 
moisture content: pod 
(averaged) 
Water sprinkling 44.6117 10.38178 20       
Open environment 20.2833 4.41353 20       
Concrete floor 24.4100 3.69084 20       
Total 29.7683 12.66036 60       
w52_mc_p Week 5.2: 
moisture content: pod 
(averaged) 
Water sprinkling 46.3217 12.62152 20       
Open environment 21.2725 5.98135 20       
Concrete floor 24.4583 5.12747 20       
Total 30.6842 14.04802 60       
w61_mc_p Week 6.1: 
moisture content: pod 
(averaged) 
Water sprinkling 44.9750 11.69645 20       
Open environment 17.3875 4.26296 20       
Concrete floor 21.5542 3.57683 20       
Total 27.9722 14.28175 60       
w62_mc_p Week 6.2: 
moisture content: pod 
(averaged) 
Water sprinkling 49.7625 11.70193 20       
Open environment 19.1775 4.09311 20       
Concrete floor 22.2950 3.68958 20       
Total 30.4117 15.68199 60       
w71_mc_p Week 7.1: 
moisture content: pod 
(averaged) 
Water sprinkling 43.5283 8.58076 20       
Open environment 18.0958 2.86389 20       
Concrete floor 22.5592 4.69489 20       
Total 28.0611 12.58857 60       
w72_mc_p Week 7.2: 
moisture content: pod 
(averaged) 
Water sprinkling 37.7975 7.42609 20       
Open environment 15.5367 3.18668 20       
Concrete floor 19.3008 1.75784 20       
Total 24.2117 10.87555 60       
w81_mc_p Week 8.1: 
moisture content: pod 
(averaged) 
Water sprinkling 41.3100 8.66591 20       
Open environment 14.4917 2.71441 20       
Concrete floor 20.1475 3.58869 20       
Total 25.3164 12.89153 60       
w82_mc_p Week 8.2: 
moisture content: pod 
(averaged) 
Water sprinkling 43.5083 11.40028 20       
Open environment 12.6625 2.78095 20       
Concrete floor 18.5100 3.05588 20       
Total 24.8936 15.14389 60       
                
Box's Test of Equality of Covariance Matricesa             
Box's M 1017.392             
F 2.183             
df1 272             
df2 8523.409             
Sig. 0.000             
Tests the null hypothesis that the observed covariance 
matrices of the dependent variables are equal across 
groups.             
a. Design: Intercept + treat  
 Within Subjects Design: time             
                
Multivariate Testsa 
Effect Value F Hypothesis df Error df Sig. 
Partial Eta 
Squared 
time Pillai's Trace 0.919 32.660b 15.000 43.000 0.000 0.919 
Wilks' Lambda 0.081 32.660b 15.000 43.000 0.000 0.919 
Hotelling's Trace 11.393 32.660b 15.000 43.000 0.000 0.919 
Roy's Largest Root 11.393 32.660b 15.000 43.000 0.000 0.919 
time * treat Pillai's Trace 1.334 5.876 30.000 88.000 0.000 0.667 
Wilks' Lambda 0.062 8.679b 30.000 86.000 0.000 0.752 
Hotelling's Trace 8.804 12.326 30.000 84.000 0.000 0.815 
Roy's Largest Root 8.002 23.472c 15.000 44.000 0.000 0.889 
a. Design: Intercept + treat  
 Within Subjects Design: time 
b. Exact statistic 
c. The statistic is an upper bound on F that yields a lower bound on the significance level. 
                
Mauchly's Test of Sphericitya 
Measure:  MEASURE_1             
Within Subjects Effect Mauchly's W 
Approx. Chi-
Square df Sig. 
Epsilonb 
Greenhouse-
Geisser Huynh-Feldt Lower-bound 
time 0.000 720.628 119 0.000 0.289 0.327 0.067 
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Tests the null hypothesis that the error covariance matrix of the orthonormalized transformed dependent variables is proportional to an identity matrix. 
a. Design: Intercept + treat  
 Within Subjects Design: time 
b. May be used to adjust the degrees of freedom for the averaged tests of significance. Corrected tests are displayed in the Tests of Within-Subjects Effects table. 
                
Tests of Within-Subjects Effects 
Measure:  MEASURE_1             
Source 
Type III Sum 
of Squares df Mean Square F Sig. 
Partial Eta 
Squared 
time Sphericity Assumed 44155.483 15 2943.699 92.983 0.000 0.620 
Greenhouse-Geisser 44155.483 4.340 10174.919 92.983 0.000 0.620 
Huynh-Feldt 44155.483 4.907 8999.374 92.983 0.000 0.620 
Lower-bound 44155.483 1.000 44155.483 92.983 0.000 0.620 
time * treat Sphericity Assumed 12007.065 30 400.235 12.642 0.000 0.307 
Greenhouse-Geisser 12007.065 8.679 1383.417 12.642 0.000 0.307 
Huynh-Feldt 12007.065 9.813 1223.586 12.642 0.000 0.307 
Lower-bound 12007.065 2.000 6003.532 12.642 0.000 0.307 
Error(time) Sphericity Assumed 27068.020 855 31.659       
Greenhouse-Geisser 27068.020 247.359 109.428       
Huynh-Feldt 27068.020 279.671 96.785       
Lower-bound 27068.020 57.000 474.878       
                
Tests of Within-Subjects Contrasts 
Measure:  MEASURE_1             
Source 
Type III Sum 
of Squares df Mean Square F Sig. 
Partial Eta 
Squared 
time Level 1 vs. Level 2 2315.295 1 2315.295 47.380 0.000 0.454 
Level 2 vs. Level 3 3085.012 1 3085.012 47.190 0.000 0.453 
Level 3 vs. Level 4 466.209 1 466.209 2.128 0.150 0.036 
Level 4 vs. Level 5 203.811 1 203.811 1.122 0.294 0.019 
Level 5 vs. Level 6 973.648 1 973.648 41.904 0.000 0.424 
Level 6 vs. Level 7 269.876 1 269.876 15.691 0.000 0.216 
Level 7 vs. Level 8 11.852 1 11.852 0.302 0.585 0.005 
Level 8 vs. Level 9 12.285 1 12.285 0.406 0.526 0.007 
Level 9 vs. Level 10 50.325 1 50.325 2.446 0.123 0.041 
Level 10 vs. Level 11 441.279 1 441.279 27.607 0.000 0.326 
Level 11 vs. Level 12 357.053 1 357.053 22.206 0.000 0.280 
Level 12 vs. Level 13 331.507 1 331.507 17.280 0.000 0.233 
Level 13 vs. Level 14 889.093 1 889.093 87.515 0.000 0.606 
Level 14 vs. Level 15 73.225 1 73.225 7.636 0.008 0.118 
Level 15 vs. Level 16 10.724 1 10.724 0.789 0.378 0.014 
time * treat Level 1 vs. Level 2 3034.551 2 1517.275 31.049 0.000 0.521 
Level 2 vs. Level 3 509.443 2 254.722 3.896 0.026 0.120 
Level 3 vs. Level 4 571.047 2 285.523 1.304 0.280 0.044 
Level 4 vs. Level 5 843.840 2 421.920 2.323 0.107 0.075 
Level 5 vs. Level 6 417.545 2 208.772 8.985 0.000 0.240 
Level 6 vs. Level 7 89.463 2 44.731 2.601 0.083 0.084 
Level 7 vs. Level 8 130.502 2 65.251 1.664 0.198 0.055 
Level 8 vs. Level 9 67.805 2 33.902 1.121 0.333 0.038 
Level 9 vs. Level 10 27.773 2 13.886 0.675 0.513 0.023 
Level 10 vs. Level 11 65.540 2 32.770 2.050 0.138 0.067 
Level 11 vs. Level 12 176.408 2 88.204 5.486 0.007 0.161 
Level 12 vs. Level 13 470.586 2 235.293 12.265 0.000 0.301 
Level 13 vs. Level 14 111.077 2 55.539 5.467 0.007 0.161 
Level 14 vs. Level 15 209.706 2 104.853 10.934 0.000 0.277 
Level 15 vs. Level 16 206.474 2 103.237 7.594 0.001 0.210 
Error(time) Level 1 vs. Level 2 2785.416 57 48.867       
Level 2 vs. Level 3 3726.328 57 65.374       
Level 3 vs. Level 4 12484.869 57 219.033       
Level 4 vs. Level 5 10351.338 57 181.602       
Level 5 vs. Level 6 1324.394 57 23.235       
Level 6 vs. Level 7 980.393 57 17.200       
Level 7 vs. Level 8 2235.378 57 39.217       
Level 8 vs. Level 9 1723.568 57 30.238       
Level 9 vs. Level 10 1172.641 57 20.573       
Level 10 vs. Level 11 911.116 57 15.984       
Level 11 vs. Level 12 916.517 57 16.079       
Level 12 vs. Level 13 1093.493 57 19.184       
Level 13 vs. Level 14 579.080 57 10.159       
Level 14 vs. Level 15 546.610 57 9.590       
Level 15 vs. Level 16 774.932 57 13.595       
                
     
  
122 
 
Levene's Test of Equality of Error Variancesa     
  
Levene Sta-
tistic df1 df2 Sig.     
w11_mc_p Week 1.1: 
moisture content: pod 
(averaged) 
Based on Mean 0.482 2 57 0.620     
Based on Median 0.260 2 57 0.772     
Based on Median and with 
adjusted df 
0.260 2 53.569 0.772 
    
Based on trimmed mean 0.467 2 57 0.629     
w12_mc_p Week 1.2: 
moisture content: pod 
(averaged) 
Based on Mean 2.129 2 57 0.128     
Based on Median 1.476 2 57 0.237     
Based on Median and with 
adjusted df 
1.476 2 54.285 0.238 
    
Based on trimmed mean 1.996 2 57 0.145     
w21_mc_p Week 2.1: 
moisture content: pod 
(averaged) 
Based on Mean 1.250 2 57 0.294     
Based on Median 0.847 2 57 0.434     
Based on Median and with 
adjusted df 
0.847 2 54.375 0.434 
    
Based on trimmed mean 1.184 2 57 0.313     
w22_mc_p Week 2.2: 
moisture content: pod 
(averaged) 
Based on Mean 0.907 2 57 0.410     
Based on Median 0.560 2 57 0.574     
Based on Median and with 
adjusted df 
0.560 2 26.641 0.578 
    
Based on trimmed mean 0.553 2 57 0.578     
w31_mc_p Week 3.1: 
moisture content: pod 
(averaged) 
Based on Mean 0.980 2 57 0.381     
Based on Median 0.846 2 57 0.434     
Based on Median and with 
adjusted df 
0.846 2 56.008 0.435 
    
Based on trimmed mean 0.961 2 57 0.389     
w32_mc_p Week 3.2: 
moisture content: pod 
(averaged) 
Based on Mean 0.020 2 57 0.980     
Based on Median 0.034 2 57 0.967     
Based on Median and with 
adjusted df 
0.034 2 55.276 0.967 
    
Based on trimmed mean 0.018 2 57 0.982     
w41_mc_p Week 4.1: 
moisture content: pod 
(averaged) 
Based on Mean 1.460 2 57 0.241     
Based on Median 0.999 2 57 0.375     
Based on Median and with 
adjusted df 
0.999 2 46.525 0.376 
    
Based on trimmed mean 1.220 2 57 0.303     
w42_mc_p Week 4.2: 
moisture content: pod 
(averaged) 
Based on Mean 1.891 2 57 0.160     
Based on Median 1.751 2 57 0.183     
Based on Median and with 
adjusted df 
1.751 2 46.822 0.185 
    
Based on trimmed mean 1.886 2 57 0.161     
w51_mc_p Week 5.1: 
moisture content: pod 
(averaged) 
Based on Mean 9.829 2 57 0.000     
Based on Median 9.543 2 57 0.000     
Based on Median and with 
adjusted df 
9.543 2 30.631 0.001 
    
Based on trimmed mean 9.766 2 57 0.000     
w52_mc_p Week 5.2: 
moisture content: pod 
(averaged) 
Based on Mean 7.366 2 57 0.001     
Based on Median 5.365 2 57 0.007     
Based on Median and with 
adjusted df 
5.365 2 34.180 0.009 
    
Based on trimmed mean 6.713 2 57 0.002     
w61_mc_p Week 6.1: 
moisture content: pod 
(averaged) 
Based on Mean 10.218 2 57 0.000     
Based on Median 9.618 2 57 0.000     
Based on Median and with 
adjusted df 
9.618 2 26.433 0.001 
    
Based on trimmed mean 10.479 2 57 0.000     
w62_mc_p Week 6.2: 
moisture content: pod 
(averaged) 
Based on Mean 12.238 2 57 0.000     
Based on Median 10.617 2 57 0.000     
Based on Median and with 
adjusted df 
10.617 2 27.518 0.000 
    
Based on trimmed mean 11.906 2 57 0.000     
w71_mc_p Week 7.1: 
moisture content: pod 
(averaged) 
Based on Mean 9.234 2 57 0.000     
Based on Median 6.919 2 57 0.002     
Based on Median and with 
adjusted df 
6.919 2 37.766 0.003 
    
Based on trimmed mean 9.070 2 57 0.000     
w72_mc_p Week 7.2: 
moisture content: pod 
(averaged) 
Based on Mean 11.718 2 57 0.000     
Based on Median 10.611 2 57 0.000     
Based on Median and with 
adjusted df 
10.611 2 27.483 0.000 
    
Based on trimmed mean 11.458 2 57 0.000     
w81_mc_p Week 8.1: 
moisture content: pod 
(averaged) 
Based on Mean 7.926 2 57 0.001     
Based on Median 4.696 2 57 0.013     
Based on Median and with 
adjusted df 
4.696 2 27.071 0.018 
    
Based on trimmed mean 7.179 2 57 0.002     
Based on Mean 10.883 2 57 0.000     
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w82_mc_p Week 8.2: 
moisture content: pod 
(averaged) 
Based on Median 10.830 2 57 0.000     
Based on Median and with 
adjusted df 
10.830 2 24.083 0.000 
    
Based on trimmed mean 10.814 2 57 0.000     
Tests the null hypothesis that the error variance of the dependent variable is equal across groups.     
a. Design: Intercept + treat  
 Within Subjects Design: time     
                
Tests of Between-Subjects Effects   
Measure:  MEASURE_1             
Transformed Varia-
ble:  
Average 
            
Source Type III Sum of Squares df Mean Square F Sig. 
Partial Eta 
Squared   
Intercept 64090.587 1 64090.587 1459.554 0.000 0.962   
treat 5219.474 2 2609.737 59.432 0.000 0.676   
Error 2502.931 57 43.911         
                
                
Estimated Marginal 
Means               
                
                
treat               
                
Estimates       
Measure:  MEASURE_1             
treat Mean Std. Error 
95% Confidence Interval       
Lower Bound Upper Bound       
Water sprinkling 45.608 1.482 42.641 48.575       
Open environment 23.941 1.482 20.974 26.908       
Concrete floor 28.500 1.482 25.533 31.467       
                
Pairwise Comparisons   
Measure:  MEASURE_1             
(I) treat 
Mean Differ-
ence (I-J) Std. Error Sig.b 
95% Confidence Interval for 
Differenceb   
Lower Bound Upper Bound   
Water sprinkling Open environment 21.667* 2.095 0.000 16.498 26.836   
Concrete floor 17.108* 2.095 0.000 11.939 22.277   
Open environment Water sprinkling -21.667* 2.095 0.000 -26.836 -16.498   
Concrete floor -4.559 2.095 0.101 -9.728 0.610   
Concrete floor Water sprinkling -17.108* 2.095 0.000 -22.277 -11.939   
Open environment 4.559 2.095 0.101 -0.610 9.728   
Based on estimated marginal means   
*. The mean difference is significant at the .05 level.   
b. Adjustment for multiple comparisons: Bonferroni.   
                
Univariate Tests   
Measure:  MEASURE_1             
  Sum of Squares df Mean Square F Sig. 
Partial Eta 
Squared   
Contrast 5219.474 2 2609.737 59.432 0.000 0.676   
Error 2502.931 57 43.911         
The F tests the effect of treat. This test is based on the linearly independent pairwise comparisons among the estimated marginal means.   
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Appendix H: Pod Crack Length 
Between-Subjects Factors         
  Value Label N         
treat 1 Water sprin-
kling 
20 
        
2 Open envi-
ronment 
20 
        
3 Concrete 
floor 
20 
        
                
Descriptive Statistics       
treat Mean 
Std. Devia-
tion N       
w11_c_pl_m Week 11: 
cracks: pod: length 
(cm): mean 
Water sprinkling 8.0592 3.71585 20       
Open environment 9.6064 4.36517 20       
Concrete floor 9.5638 5.12571 20       
Total 9.0764 4.42380 60       
w12_c_pl_m Week 12: 
cracks: pod: length 
(cm): mean 
Water sprinkling 8.2500 3.82697 20       
Open environment 10.8805 3.12352 20       
Concrete floor 13.4253 4.09234 20       
Total 10.8519 4.21799 60       
w21_c_pl_m Week 21: 
cracks: pod: length 
(cm): mean 
Water sprinkling 9.6200 3.94520 20       
Open environment 12.2611 2.06090 20       
Concrete floor 15.3242 3.82307 20       
Total 12.4018 4.07576 60       
w22_c_pl_m Week 22: 
cracks: pod: length 
(cm): mean 
Water sprinkling 9.7225 3.92031 20       
Open environment 14.1273 2.63471 20       
Concrete floor 15.9157 3.64580 20       
Total 13.2552 4.28402 60       
w31_c_pl_m Week 31: 
cracks: pod: length 
(cm): mean 
Water sprinkling 10.0363 3.88134 20       
Open environment 15.4138 2.82340 20       
Concrete floor 16.9107 4.00207 20       
Total 14.1203 4.62998 60       
w32_c_pl_m Week 32: 
cracks: pod: length 
(cm): mean 
Water sprinkling 11.0861 3.31351 20       
Open environment 17.0740 3.33202 20       
Concrete floor 17.9997 4.40733 20       
Total 15.3866 4.78702 60       
w41_c_pl_m Week 41: 
cracks: pod: length 
(cm): mean 
Water sprinkling 12.5216 1.98630 20       
Open environment 18.5270 3.85363 20       
Concrete floor 17.4671 4.00125 20       
Total 16.1719 4.26314 60       
w42_c_pl_m Week 42: 
cracks: pod: length 
(cm): mean 
Water sprinkling 13.1114 1.98758 20       
Open environment 19.4858 3.75232 20       
Concrete floor 18.1119 4.05414 20       
Total 16.9030 4.32773 60       
w51_c_pl_m Week 51: 
cracks: pod: length 
(cm): mean 
Water sprinkling 13.6145 2.30143 20       
Open environment 20.6550 3.87552 20       
Concrete floor 19.0543 4.10676 20       
Total 17.7746 4.60520 60       
w52_c_pl_m Week 52: 
cracks: pod: length 
(cm): mean 
Water sprinkling 14.2395 2.55391 20       
Open environment 21.8745 3.94191 20       
Concrete floor 19.9828 4.29154 20       
Total 18.6989 4.87378 60       
w61_c_pl_m Week 61: 
cracks: pod: length 
(cm): mean 
Water sprinkling 14.4478 2.60145 20       
Open environment 22.2978 3.91648 20       
Concrete floor 20.2711 4.16880 20       
Total 19.0055 4.89637 60       
w62_c_pl_m Week 62: 
cracks: pod: length 
(cm): mean 
Water sprinkling 15.4283 3.08874 20       
Open environment 23.1530 4.25785 20       
Concrete floor 20.8408 4.03334 20       
Total 19.8074 4.98059 60       
w71_c_pl_m Week 71: 
cracks: pod: length 
(cm): mean 
Water sprinkling 16.2305 3.51239 20       
Open environment 23.1590 4.25641 20       
Concrete floor 20.8878 4.02956 20       
Total 20.0924 4.84708 60       
w72_c_pl_m Week 72: 
cracks: pod: length 
(cm): mean 
Water sprinkling 16.8872 3.95415 20       
Open environment 23.1710 4.25267 20       
Concrete floor 21.0358 3.98336 20       
Total 20.3647 4.78441 60       
Water sprinkling 17.3874 4.12761 20       
Open environment 23.1860 4.24740 20       
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w81_c_pl_m Week 81: 
cracks: pod: length 
(cm): mean 
Concrete floor 21.1468 3.96511 20       
Total 20.5734 4.71438 60 
      
w82_c_pl_m Week 82: 
cracks: pod: length 
(cm): mean 
Water sprinkling 18.0299 4.60307 20       
Open environment 23.2170 4.22945 20       
Concrete floor 21.2568 3.97238 20       
Total 20.8346 4.72404 60       
                
Box's Test of Equality of Covariance Matricesa             
Box's M 1351.888             
F 2.900             
df1 272             
df2 8523.409             
Sig. 0.000             
Tests the null hypothesis that the observed covariance 
matrices of the dependent variables are equal across 
groups.             
a. Design: Intercept + treat  
 Within Subjects Design: time             
                
Multivariate Testsa 
Effect Value F Hypothesis df Error df Sig. 
Partial Eta 
Squared 
time Pillai's Trace 0.902 26.506b 15.000 43.000 0.000 0.902 
Wilks' Lambda 0.098 26.506b 15.000 43.000 0.000 0.902 
Hotelling's Trace 9.246 26.506b 15.000 43.000 0.000 0.902 
Roy's Largest Root 9.246 26.506b 15.000 43.000 0.000 0.902 
time * treat Pillai's Trace 1.081 3.450 30.000 88.000 0.000 0.540 
Wilks' Lambda 0.173 4.023b 30.000 86.000 0.000 0.584 
Hotelling's Trace 3.308 4.632 30.000 84.000 0.000 0.623 
Roy's Largest Root 2.781 8.157c 15.000 44.000 0.000 0.735 
a. Design: Intercept + treat  
 Within Subjects Design: time 
b. Exact statistic 
c. The statistic is an upper bound on F that yields a lower bound on the significance level. 
                
Mauchly's Test of Sphericitya 
Measure:  MEASURE_1             
Within Subjects Effect Mauchly's W 
Approx. Chi-
Square df Sig. 
Epsilonb 
Greenhouse-
Geisser Huynh-Feldt Lower-bound 
time 0.000 1698.006 119 0.000 0.170 0.184 0.067 
Tests the null hypothesis that the error covariance matrix of the orthonormalized transformed dependent variables is proportional to an identity matrix. 
a. Design: Intercept + treat  
 Within Subjects Design: time 
b. May be used to adjust the degrees of freedom for the averaged tests of significance. Corrected tests are displayed in the Tests of Within-Subjects Effects table. 
                
Tests of Within-Subjects Effects 
Measure:  MEASURE_1             
Source 
Type III Sum 
of Squares df Mean Square F Sig. 
Partial Eta 
Squared 
time Sphericity Assumed 12497.869 15 833.191 156.271 0.000 0.733 
Greenhouse-Geisser 12497.869 2.543 4915.364 156.271 0.000 0.733 
Huynh-Feldt 12497.869 2.765 4520.562 156.271 0.000 0.733 
Lower-bound 12497.869 1.000 12497.869 156.271 0.000 0.733 
time * treat Sphericity Assumed 910.707 30 30.357 5.694 0.000 0.167 
Greenhouse-Geisser 910.707 5.085 179.089 5.694 0.000 0.167 
Huynh-Feldt 910.707 5.529 164.704 5.694 0.000 0.167 
Lower-bound 910.707 2.000 455.353 5.694 0.006 0.167 
Error(time) Sphericity Assumed 4558.604 855 5.332       
Greenhouse-Geisser 4558.604 144.929 31.454       
Huynh-Feldt 4558.604 157.586 28.928       
Lower-bound 4558.604 57.000 79.976       
                
Tests of Within-Subjects Contrasts 
Measure:  MEASURE_1             
Source 
Type III Sum 
of Squares df Mean Square F Sig. 
Partial Eta 
Squared 
time Level 1 vs. Level 2 189.138 1 189.138 15.092 0.000 0.209 
Level 2 vs. Level 3 144.119 1 144.119 21.802 0.000 0.277 
Level 3 vs. Level 4 43.699 1 43.699 46.710 0.000 0.450 
Level 4 vs. Level 5 44.902 1 44.902 34.090 0.000 0.374 
Level 5 vs. Level 6 96.216 1 96.216 31.208 0.000 0.354 
Level 6 vs. Level 7 37.002 1 37.002 3.987 0.051 0.065 
Level 7 vs. Level 8 32.074 1 32.074 53.704 0.000 0.485 
Level 8 vs. Level 9 45.577 1 45.577 44.362 0.000 0.438 
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Level 9 vs. Level 10 51.267 1 51.267 81.342 0.000 0.588 
Level 10 vs. Level 11 5.640 1 5.640 11.352 0.001 0.166 
Level 11 vs. Level 12 38.576 1 38.576 51.254 0.000 0.473 
Level 12 vs. Level 13 4.876 1 4.876 18.612 0.000 0.246 
Level 13 vs. Level 14 4.446 1 4.446 23.658 0.000 0.293 
Level 14 vs. Level 15 2.615 1 2.615 23.058 0.000 0.288 
Level 15 vs. Level 16 4.092 1 4.092 30.342 0.000 0.347 
time * treat Level 1 vs. Level 2 142.280 2 71.140 5.676 0.006 0.166 
Level 2 vs. Level 3 3.657 2 1.828 0.277 0.759 0.010 
Level 3 vs. Level 4 33.166 2 16.583 17.726 0.000 0.383 
Level 4 vs. Level 5 9.966 2 4.983 3.783 0.029 0.117 
Level 5 vs. Level 6 4.671 2 2.335 0.757 0.474 0.026 
Level 6 vs. Level 7 52.108 2 26.054 2.807 0.069 0.090 
Level 7 vs. Level 8 1.584 2 0.792 1.327 0.273 0.044 
Level 8 vs. Level 9 4.588 2 2.294 2.233 0.117 0.073 
Level 9 vs. Level 10 3.535 2 1.767 2.804 0.069 0.090 
Level 10 vs. Level 11 0.472 2 0.236 0.475 0.624 0.016 
Level 11 vs. Level 12 1.773 2 0.886 1.178 0.315 0.040 
Level 12 vs. Level 13 8.041 2 4.020 15.345 0.000 0.350 
Level 13 vs. Level 14 4.619 2 2.309 12.288 0.000 0.301 
Level 14 vs. Level 15 2.641 2 1.321 11.647 0.000 0.290 
Level 15 vs. Level 16 4.425 2 2.212 16.403 0.000 0.365 
Error(time) Level 1 vs. Level 2 714.365 57 12.533       
Level 2 vs. Level 3 376.785 57 6.610       
Level 3 vs. Level 4 53.326 57 0.936       
Level 4 vs. Level 5 75.078 57 1.317       
Level 5 vs. Level 6 175.732 57 3.083       
Level 6 vs. Level 7 529.067 57 9.282       
Level 7 vs. Level 8 34.042 57 0.597       
Level 8 vs. Level 9 58.560 57 1.027       
Level 9 vs. Level 10 35.925 57 0.630       
Level 10 vs. Level 11 28.317 57 0.497       
Level 11 vs. Level 12 42.901 57 0.753       
Level 12 vs. Level 13 14.934 57 0.262       
Level 13 vs. Level 14 10.713 57 0.188       
Level 14 vs. Level 15 6.463 57 0.113       
Level 15 vs. Level 16 7.688 57 0.135       
                
Levene's Test of Equality of Error Variancesa     
  
Levene Sta-
tistic df1 df2 Sig.     
w11_c_pl_m Week 11: 
cracks: pod: length 
(cm): mean 
Based on Mean 1.320 2 57 0.275     
Based on Median 0.320 2 57 0.727     
Based on Median and with 
adjusted df 
0.320 2 51.348 0.727 
    
Based on trimmed mean 1.155 2 57 0.322     
w12_c_pl_m Week 12: 
cracks: pod: length 
(cm): mean 
Based on Mean 0.469 2 57 0.628     
Based on Median 0.603 2 57 0.550     
Based on Median and with 
adjusted df 
0.603 2 56.423 0.551 
    
Based on trimmed mean 0.635 2 57 0.534     
w21_c_pl_m Week 21: 
cracks: pod: length 
(cm): mean 
Based on Mean 1.053 2 57 0.356     
Based on Median 0.902 2 57 0.412     
Based on Median and with 
adjusted df 
0.902 2 44.152 0.413 
    
Based on trimmed mean 0.965 2 57 0.387     
w22_c_pl_m Week 22: 
cracks: pod: length 
(cm): mean 
Based on Mean 0.156 2 57 0.856     
Based on Median 0.173 2 57 0.842     
Based on Median and with 
adjusted df 
0.173 2 48.884 0.842 
    
Based on trimmed mean 0.152 2 57 0.859     
w31_c_pl_m Week 31: 
cracks: pod: length 
(cm): mean 
Based on Mean 0.317 2 57 0.729     
Based on Median 0.341 2 57 0.713     
Based on Median and with 
adjusted df 
0.341 2 51.098 0.713 
    
Based on trimmed mean 0.309 2 57 0.735     
w32_c_pl_m Week 32: 
cracks: pod: length 
(cm): mean 
Based on Mean 0.929 2 57 0.401     
Based on Median 0.947 2 57 0.394     
Based on Median and with 
adjusted df 
0.947 2 52.318 0.394 
    
Based on trimmed mean 0.989 2 57 0.378     
w41_c_pl_m Week 41: 
cracks: pod: length 
(cm): mean 
Based on Mean 4.081 2 57 0.022     
Based on Median 3.860 2 57 0.027     
Based on Median and with 
adjusted df 
3.860 2 45.309 0.028 
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Based on trimmed mean 4.159 2 57 0.021     
w42_c_pl_m Week 42: 
cracks: pod: length 
(cm): mean 
Based on Mean 4.479 2 57 0.016     
Based on Median 4.264 2 57 0.019     
Based on Median and with 
adjusted df 
4.264 2 42.513 0.021 
    
Based on trimmed mean 4.496 2 57 0.015     
w51_c_pl_m Week 51: 
cracks: pod: length 
(cm): mean 
Based on Mean 3.273 2 57 0.045     
Based on Median 3.175 2 57 0.049     
Based on Median and with 
adjusted df 
3.175 2 42.451 0.052 
    
Based on trimmed mean 3.328 2 57 0.043     
w52_c_pl_m Week 52: 
cracks: pod: length 
(cm): mean 
Based on Mean 2.073 2 57 0.135     
Based on Median 1.811 2 57 0.173     
Based on Median and with 
adjusted df 
1.811 2 45.024 0.175 
    
Based on trimmed mean 2.139 2 57 0.127     
w61_c_pl_m Week 61: 
cracks: pod: length 
(cm): mean 
Based on Mean 1.443 2 57 0.245     
Based on Median 1.211 2 57 0.305     
Based on Median and with 
adjusted df 
1.211 2 47.780 0.307 
    
Based on trimmed mean 1.492 2 57 0.233     
w62_c_pl_m Week 62: 
cracks: pod: length 
(cm): mean 
Based on Mean 0.867 2 57 0.426     
Based on Median 0.589 2 57 0.558     
Based on Median and with 
adjusted df 
0.589 2 50.046 0.558 
    
Based on trimmed mean 0.910 2 57 0.408     
w71_c_pl_m Week 71: 
cracks: pod: length 
(cm): mean 
Based on Mean 0.388 2 57 0.680     
Based on Median 0.305 2 57 0.739     
Based on Median and with 
adjusted df 
0.305 2 55.080 0.739 
    
Based on trimmed mean 0.441 2 57 0.646     
w72_c_pl_m Week 72: 
cracks: pod: length 
(cm): mean 
Based on Mean 0.181 2 57 0.835     
Based on Median 0.170 2 57 0.844     
Based on Median and with 
adjusted df 
0.170 2 55.832 0.844 
    
Based on trimmed mean 0.216 2 57 0.806     
w81_c_pl_m Week 81: 
cracks: pod: length 
(cm): mean 
Based on Mean 0.216 2 57 0.807     
Based on Median 0.229 2 57 0.796     
Based on Median and with 
adjusted df 
0.229 2 56.238 0.796 
    
Based on trimmed mean 0.254 2 57 0.777     
w82_c_pl_m Week 82: 
cracks: pod: length 
(cm): mean 
Based on Mean 0.456 2 57 0.636     
Based on Median 0.529 2 57 0.592     
Based on Median and with 
adjusted df 
0.529 2 56.879 0.592 
    
Based on trimmed mean 0.507 2 57 0.605     
Tests the null hypothesis that the error variance of the dependent variable is equal across groups.     
a. Design: Intercept + treat  
 Within Subjects Design: time     
                
Tests of Between-Subjects Effects   
Measure:  MEASURE_1             
Transformed Varia-
ble:  
Average 
            
Source Type III Sum of Squares df Mean Square F Sig. 
Partial Eta 
Squared   
Intercept 16498.579 1 16498.579 1786.698 0.000 0.969   
treat 379.124 2 189.562 20.528 0.000 0.419   
Error 526.345 57 9.234         
                
                
Estimated Marginal 
Means               
                
                
treat               
                
Estimates       
Measure:  MEASURE_1             
treat Mean Std. Error 
95% Confidence Interval       
Lower Bound Upper Bound       
Water sprinkling 13.042 0.679 11.681 14.403       
Open environment 18.631 0.679 17.270 19.991       
Concrete floor 18.075 0.679 16.714 19.435       
                
Pairwise Comparisons   
Measure:  MEASURE_1             
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(I) treat 
Mean Differ-
ence (I-J) Std. Error Sig.b 
95% Confidence Interval for 
Differenceb   
Lower Bound Upper Bound   
Water sprinkling Open environment -5.589* 0.961 0.000 -7.959 -3.218   
Concrete floor -5.033* 0.961 0.000 -7.403 -2.662   
Open environment Water sprinkling 5.589* 0.961 0.000 3.218 7.959   
Concrete floor 0.556 0.961 1.000 -1.814 2.926   
Concrete floor Water sprinkling 5.033* 0.961 0.000 2.662 7.403   
Open environment -0.556 0.961 1.000 -2.926 1.814   
Based on estimated marginal means   
*. The mean difference is significant at the .05 level.   
b. Adjustment for multiple comparisons: Bonferroni.   
                
Univariate Tests   
Measure:  MEASURE_1             
  Sum of Squares df Mean Square F Sig. 
Partial Eta 
Squared   
Contrast 379.124 2 189.562 20.528 0.000 0.419   
Error 526.345 57 9.234         
The F tests the effect of treat. This test is based on the linearly independent pairwise comparisons among the estimated marginal means.   
 
  
     
  
129 
 
Appendix I: Pod Crack Width 
Between-Subjects Factors         
  Value Label N         
treat 1 Water sprin-
kling 
20 
        
2 Open envi-
ronment 
20 
        
3 Concrete 
floor 
20 
        
                
Descriptive Statistics       
treat Mean 
Std. Devia-
tion N       
w11_c_pw_m Week 
11: cracks: pod: width 
(mm): mean 
Water sprinkling 0.8680 0.40946 20       
Open environment 0.9798 0.45522 20       
Concrete floor 1.0651 0.64687 20       
Total 0.9710 0.51196 60       
w12_c_pw_m Week 
12: cracks: pod: width 
(mm): mean 
Water sprinkling 0.8746 0.41262 20       
Open environment 1.1282 0.31476 20       
Concrete floor 1.4023 0.48523 20       
Total 1.1350 0.45801 60       
w21_c_pw_m Week 
21: cracks: pod: width 
(mm): mean 
Water sprinkling 1.0320 0.38863 20       
Open environment 1.2571 0.31075 20       
Concrete floor 1.6073 0.40970 20       
Total 1.2988 0.43678 60       
w22_c_pw_m Week 
22: cracks: pod: width 
(mm): mean 
Water sprinkling 1.0523 0.39146 20       
Open environment 1.5492 0.50385 20       
Concrete floor 1.6320 0.37810 20       
Total 1.4112 0.49375 60       
w31_c_pw_m Week 
31: cracks: pod: width 
(mm): mean 
Water sprinkling 1.0272 0.38194 20       
Open environment 1.7694 0.60329 20       
Concrete floor 1.7791 0.49406 20       
Total 1.5252 0.60740 60       
w32_c_pw_m Week 
32: cracks: pod: width 
(mm): mean 
Water sprinkling 1.1362 0.30917 20       
Open environment 1.9329 0.68292 20       
Concrete floor 1.9690 0.73339 20       
Total 1.6794 0.71022 60       
w41_c_pw_m Week 
41: cracks: pod: width 
(mm): mean 
Water sprinkling 1.1729 0.16231 20       
Open environment 2.6070 1.12926 20       
Concrete floor 1.9928 0.79090 20       
Total 1.9242 0.98568 60       
w42_c_pw_m Week 
42: cracks: pod: width 
(mm): mean 
Water sprinkling 1.2229 0.15015 20       
Open environment 3.0560 1.15525 20       
Concrete floor 2.3732 0.80907 20       
Total 2.2174 1.10894 60       
w51_c_pw_m Week 
51: cracks: pod: width 
(mm): mean 
Water sprinkling 1.2874 0.15086 20       
Open environment 3.3458 1.16348 20       
Concrete floor 2.5777 0.84965 20       
Total 2.4036 1.18711 60       
w52_c_pw_m Week 
52: cracks: pod: width 
(mm): mean 
Water sprinkling 1.3452 0.15232 20       
Open environment 3.8870 1.25738 20       
Concrete floor 3.2413 0.96091 20       
Total 2.8245 1.41325 60       
w61_c_pw_m Week 
61: cracks: pod: width 
(mm): mean 
Water sprinkling 1.3694 0.12955 20       
Open environment 3.9102 1.26692 20       
Concrete floor 3.3613 1.02910 20       
Total 2.8803 1.44056 60       
w62_c_pw_m Week 
62: cracks: pod: width 
(mm): mean 
Water sprinkling 1.4739 0.16860 20       
Open environment 4.2733 1.35393 20       
Concrete floor 3.7993 1.22762 20       
Total 3.1822 1.61451 60       
w71_c_pw_m Week 
71: cracks: pod: width 
(mm): mean 
Water sprinkling 1.5425 0.20076 20       
Open environment 4.3434 1.36452 20       
Concrete floor 3.9013 1.22334 20       
Total 3.2624 1.62225 60       
w72_c_pw_m Week 
72: cracks: pod: width 
(mm): mean 
Water sprinkling 1.5891 0.22999 20       
Open environment 4.3783 1.39229 20       
Concrete floor 3.9588 1.23227 20       
Total 3.3087 1.63210 60       
Water sprinkling 1.6263 0.23614 20       
Open environment 4.4906 1.43856 20       
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w81_c_pw_m Week 
81: cracks: pod: width 
(mm): mean 
Concrete floor 4.0497 1.25344 20       
Total 3.3888 1.67420 60 
      
w82_c_pw_m Week 
82: cracks: pod: width 
(mm): mean 
Water sprinkling 1.6863 0.31477 20       
Open environment 4.6682 1.51310 20       
Concrete floor 4.3235 1.30036 20       
Total 3.5593 1.76569 60       
                
Box's Test of Equality of Covariance Matricesa             
Box's M 892.747             
F 1.915             
df1 272             
df2 8523.409             
Sig. 0.000             
Tests the null hypothesis that the observed covariance 
matrices of the dependent variables are equal across 
groups.             
a. Design: Intercept + treat  
 Within Subjects Design: time             
                
Multivariate Testsa 
Effect Value F Hypothesis df Error df Sig. 
Partial Eta 
Squared 
time Pillai's Trace 0.905 27.348b 15.000 43.000 0.000 0.905 
Wilks' Lambda 0.095 27.348b 15.000 43.000 0.000 0.905 
Hotelling's Trace 9.540 27.348b 15.000 43.000 0.000 0.905 
Roy's Largest Root 9.540 27.348b 15.000 43.000 0.000 0.905 
time * treat Pillai's Trace 1.436 7.461 30.000 88.000 0.000 0.718 
Wilks' Lambda 0.075 7.573b 30.000 86.000 0.000 0.725 
Hotelling's Trace 5.486 7.680 30.000 84.000 0.000 0.733 
Roy's Largest Root 3.606 10.579c 15.000 44.000 0.000 0.783 
a. Design: Intercept + treat  
 Within Subjects Design: time 
b. Exact statistic 
c. The statistic is an upper bound on F that yields a lower bound on the significance level. 
                
Mauchly's Test of Sphericitya 
Measure:  MEASURE_1             
Within Subjects Effect Mauchly's W 
Approx. Chi-
Square df Sig. 
Epsilonb 
Greenhouse-
Geisser Huynh-Feldt Lower-bound 
time 0.000 1763.108 119 0.000 0.102 0.108 0.067 
Tests the null hypothesis that the error covariance matrix of the orthonormalized transformed dependent variables is proportional to an identity matrix. 
a. Design: Intercept + treat  
 Within Subjects Design: time 
b. May be used to adjust the degrees of freedom for the averaged tests of significance. Corrected tests are displayed in the Tests of Within-Subjects Effects table. 
                
Tests of Within-Subjects Effects 
Measure:  MEASURE_1             
Source 
Type III Sum 
of Squares df Mean Square F Sig. 
Partial Eta 
Squared 
time Sphericity Assumed 729.808 15 48.654 227.337 0.000 0.800 
Greenhouse-Geisser 729.808 1.530 476.886 227.337 0.000 0.800 
Huynh-Feldt 729.808 1.619 450.695 227.337 0.000 0.800 
Lower-bound 729.808 1.000 729.808 227.337 0.000 0.800 
time * treat Sphericity Assumed 205.265 30 6.842 31.970 0.000 0.529 
Greenhouse-Geisser 205.265 3.061 67.064 31.970 0.000 0.529 
Huynh-Feldt 205.265 3.239 63.381 31.970 0.000 0.529 
Lower-bound 205.265 2.000 102.633 31.970 0.000 0.529 
Error(time) Sphericity Assumed 182.984 855 0.214       
Greenhouse-Geisser 182.984 87.231 2.098       
Huynh-Feldt 182.984 92.300 1.982       
Lower-bound 182.984 57.000 3.210       
                
Tests of Within-Subjects Contrasts 
Measure:  MEASURE_1             
Source 
Type III Sum 
of Squares df Mean Square F Sig. 
Partial Eta 
Squared 
time Level 1 vs. Level 2 1.615 1 1.615 14.263 0.000 0.200 
Level 2 vs. Level 3 1.609 1 1.609 13.224 0.001 0.188 
Level 3 vs. Level 4 0.758 1 0.758 20.170 0.000 0.261 
Level 4 vs. Level 5 0.781 1 0.781 17.300 0.000 0.233 
Level 5 vs. Level 6 1.426 1 1.426 19.643 0.000 0.256 
Level 6 vs. Level 7 3.597 1 3.597 18.924 0.000 0.249 
Level 7 vs. Level 8 5.155 1 5.155 183.852 0.000 0.763 
Level 8 vs. Level 9 2.081 1 2.081 129.299 0.000 0.694 
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Level 9 vs. Level 10 10.629 1 10.629 249.193 0.000 0.814 
Level 10 vs. Level 11 0.187 1 0.187 7.292 0.009 0.113 
Level 11 vs. Level 12 5.468 1 5.468 106.808 0.000 0.652 
Level 12 vs. Level 13 0.386 1 0.386 40.448 0.000 0.415 
Level 13 vs. Level 14 0.129 1 0.129 30.502 0.000 0.349 
Level 14 vs. Level 15 0.385 1 0.385 44.989 0.000 0.441 
Level 15 vs. Level 16 1.744 1 1.744 104.989 0.000 0.648 
time * treat Level 1 vs. Level 2 1.100 2 0.550 4.859 0.011 0.146 
Level 2 vs. Level 3 0.059 2 0.030 0.243 0.785 0.008 
Level 3 vs. Level 4 0.969 2 0.485 12.893 0.000 0.311 
Level 4 vs. Level 5 0.635 2 0.317 7.032 0.002 0.198 
Level 5 vs. Level 6 0.068 2 0.034 0.468 0.628 0.016 
Level 6 vs. Level 7 5.530 2 2.765 14.546 0.000 0.338 
Level 7 vs. Level 8 1.821 2 0.911 32.471 0.000 0.533 
Level 8 vs. Level 9 0.517 2 0.259 16.064 0.000 0.360 
Level 9 vs. Level 10 4.104 2 2.052 48.109 0.000 0.628 
Level 10 vs. Level 11 0.124 2 0.062 2.421 0.098 0.078 
Level 11 vs. Level 12 1.224 2 0.612 11.953 0.000 0.295 
Level 12 vs. Level 13 0.014 2 0.007 0.748 0.478 0.026 
Level 13 vs. Level 14 0.005 2 0.003 0.607 0.548 0.021 
Level 14 vs. Level 15 0.060 2 0.030 3.496 0.037 0.109 
Level 15 vs. Level 16 0.458 2 0.229 13.791 0.000 0.326 
Error(time) Level 1 vs. Level 2 6.453 57 0.113       
Level 2 vs. Level 3 6.934 57 0.122       
Level 3 vs. Level 4 2.142 57 0.038       
Level 4 vs. Level 5 2.572 57 0.045       
Level 5 vs. Level 6 4.137 57 0.073       
Level 6 vs. Level 7 10.834 57 0.190       
Level 7 vs. Level 8 1.598 57 0.028       
Level 8 vs. Level 9 0.917 57 0.016       
Level 9 vs. Level 10 2.431 57 0.043       
Level 10 vs. Level 11 1.459 57 0.026       
Level 11 vs. Level 12 2.918 57 0.051       
Level 12 vs. Level 13 0.544 57 0.010       
Level 13 vs. Level 14 0.241 57 0.004       
Level 14 vs. Level 15 0.488 57 0.009       
Level 15 vs. Level 16 0.947 57 0.017       
                
Levene's Test of Equality of Error Variancesa     
  
Levene Sta-
tistic df1 df2 Sig.     
w11_c_pw_m Week 
11: cracks: pod: width 
(mm): mean 
Based on Mean 2.500 2 57 0.091     
Based on Median 1.989 2 57 0.146     
Based on Median and with 
adjusted df 
1.989 2 54.479 0.147 
    
Based on trimmed mean 2.592 2 57 0.084     
w12_c_pw_m Week 
12: cracks: pod: width 
(mm): mean 
Based on Mean 1.346 2 57 0.268     
Based on Median 1.290 2 57 0.283     
Based on Median and with 
adjusted df 
1.290 2 54.357 0.283 
    
Based on trimmed mean 1.500 2 57 0.232     
w21_c_pw_m Week 
21: cracks: pod: width 
(mm): mean 
Based on Mean 0.233 2 57 0.793     
Based on Median 0.219 2 57 0.804     
Based on Median and with 
adjusted df 
0.219 2 49.404 0.804 
    
Based on trimmed mean 0.229 2 57 0.796     
w22_c_pw_m Week 
22: cracks: pod: width 
(mm): mean 
Based on Mean 1.295 2 57 0.282     
Based on Median 1.075 2 57 0.348     
Based on Median and with 
adjusted df 
1.075 2 52.222 0.349 
    
Based on trimmed mean 1.217 2 57 0.304     
w31_c_pw_m Week 
31: cracks: pod: width 
(mm): mean 
Based on Mean 1.848 2 57 0.167     
Based on Median 1.854 2 57 0.166     
Based on Median and with 
adjusted df 
1.854 2 50.731 0.167 
    
Based on trimmed mean 1.868 2 57 0.164     
w32_c_pw_m Week 
32: cracks: pod: width 
(mm): mean 
Based on Mean 5.635 2 57 0.006     
Based on Median 4.744 2 57 0.012     
Based on Median and with 
adjusted df 
4.744 2 47.725 0.013 
    
Based on trimmed mean 5.887 2 57 0.005     
w41_c_pw_m Week 
41: cracks: pod: width 
(mm): mean 
Based on Mean 14.814 2 57 0.000     
Based on Median 7.898 2 57 0.001     
Based on Median and with 
adjusted df 
7.898 2 31.255 0.002 
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Based on trimmed mean 13.284 2 57 0.000     
w42_c_pw_m Week 
42: cracks: pod: width 
(mm): mean 
Based on Mean 12.972 2 57 0.000     
Based on Median 7.859 2 57 0.001     
Based on Median and with 
adjusted df 
7.859 2 31.469 0.002 
    
Based on trimmed mean 11.804 2 57 0.000     
w51_c_pw_m Week 
51: cracks: pod: width 
(mm): mean 
Based on Mean 13.315 2 57 0.000     
Based on Median 9.797 2 57 0.000     
Based on Median and with 
adjusted df 
9.797 2 31.891 0.000 
    
Based on trimmed mean 12.443 2 57 0.000     
w52_c_pw_m Week 
52: cracks: pod: width 
(mm): mean 
Based on Mean 11.838 2 57 0.000     
Based on Median 11.475 2 57 0.000     
Based on Median and with 
adjusted df 
11.475 2 36.156 0.000 
    
Based on trimmed mean 11.765 2 57 0.000     
w61_c_pw_m Week 
61: cracks: pod: width 
(mm): mean 
Based on Mean 12.694 2 57 0.000     
Based on Median 11.564 2 57 0.000     
Based on Median and with 
adjusted df 
11.564 2 36.926 0.000 
    
Based on trimmed mean 12.581 2 57 0.000     
w62_c_pw_m Week 
62: cracks: pod: width 
(mm): mean 
Based on Mean 11.409 2 57 0.000     
Based on Median 8.188 2 57 0.001     
Based on Median and with 
adjusted df 
8.188 2 37.934 0.001 
    
Based on trimmed mean 11.109 2 57 0.000     
w71_c_pw_m Week 
71: cracks: pod: width 
(mm): mean 
Based on Mean 10.614 2 57 0.000     
Based on Median 8.401 2 57 0.001     
Based on Median and with 
adjusted df 
8.401 2 37.718 0.001 
    
Based on trimmed mean 10.168 2 57 0.000     
w72_c_pw_m Week 
72: cracks: pod: width 
(mm): mean 
Based on Mean 9.787 2 57 0.000     
Based on Median 7.179 2 57 0.002     
Based on Median and with 
adjusted df 
7.179 2 37.573 0.002 
    
Based on trimmed mean 9.239 2 57 0.000     
w81_c_pw_m Week 
81: cracks: pod: width 
(mm): mean 
Based on Mean 9.925 2 57 0.000     
Based on Median 6.743 2 57 0.002     
Based on Median and with 
adjusted df 
6.743 2 36.886 0.003 
    
Based on trimmed mean 9.195 2 57 0.000     
w82_c_pw_m Week 
82: cracks: pod: width 
(mm): mean 
Based on Mean 9.375 2 57 0.000     
Based on Median 6.259 2 57 0.003     
Based on Median and with 
adjusted df 
6.259 2 36.860 0.005 
    
Based on trimmed mean 8.804 2 57 0.000     
Tests the null hypothesis that the error variance of the dependent variable is equal across groups.     
a. Design: Intercept + treat  
 Within Subjects Design: time     
                
Tests of Between-Subjects Effects   
Measure:  MEASURE_1             
Transformed Varia-
ble:  
Average 
            
Source Type III Sum of Squares df Mean Square F Sig. 
Partial Eta 
Squared   
Intercept 320.374 1 320.374 646.530 0.000 0.919   
treat 33.355 2 16.677 33.656 0.000 0.541   
Error 28.245 57 0.496         
                
                
Estimated Marginal 
Means               
                
                
treat               
                
Estimates       
Measure:  MEASURE_1             
treat Mean Std. Error 
95% Confidence Interval       
Lower 
Bound Upper Bound       
Water sprinkling 1.269 0.157 0.954 1.584       
Open environment 2.974 0.157 2.658 3.289       
Concrete floor 2.690 0.157 2.374 3.005       
                
Pairwise Comparisons   
Measure:  MEASURE_1             
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(I) treat 
Mean Differ-
ence (I-J) Std. Error Sig.b 
95% Confidence Interval for 
Differenceb   
Lower Bound Upper Bound   
Water sprinkling Open environment -1.704* 0.223 0.000 -2.253 -1.155   
Concrete floor -1.420* 0.223 0.000 -1.970 -0.871   
Open environment Water sprinkling 1.704* 0.223 0.000 1.155 2.253   
Concrete floor 0.284 0.223 0.622 -0.265 0.833   
Concrete floor Water sprinkling 1.420* 0.223 0.000 0.871 1.970   
Open environment -0.284 0.223 0.622 -0.833 0.265   
Based on estimated marginal means   
*. The mean difference is significant at the .05 level.   
b. Adjustment for multiple comparisons: Bonferroni.   
                
Univariate Tests   
Measure:  MEASURE_1             
  Sum of Squares df Mean Square F Sig. 
Partial Eta 
Squared   
Contrast 33.355 2 16.677 33.656 0.000 0.541   
Error 28.245 57 0.496         
The F tests the effect of treat. This test is based on the linearly independent pairwise comparisons among the estimated marginal means.   
 
Appendix J: Pod Crack Count 
Between-Subjects Factors         
  Value Label N         
treat 1 Water sprin-
kling 
20 
        
2 Open envi-
ronment 
20 
        
3 Concrete 
floor 
20 
        
                
Descriptive Statistics       
treat Mean 
Std. Devia-
tion N       
w11_c_pl Week 11: 
cracks: pod: length 
(cm): count 
Water sprinkling 2.0500 1.19097 20       
Open environment 2.2000 1.32188 20       
Concrete floor 2.0000 1.37649 20       
Total 2.0833 1.27946 60       
w12_c_pl Week 12: 
cracks: pod: length 
(cm): count 
Water sprinkling 2.1000 1.20961 20       
Open environment 2.7500 1.16416 20       
Concrete floor 2.7000 1.34164 20       
Total 2.5167 1.25538 60       
w21_c_pl Week 21: 
cracks: pod: length 
(cm): count 
Water sprinkling 2.3000 1.17429 20       
Open environment 3.8500 1.08942 20       
Concrete floor 3.3000 1.17429 20       
Total 3.1500 1.29961 60       
w22_c_pl Week 22: 
cracks: pod: length 
(cm): count 
Water sprinkling 2.3500 1.22582 20       
Open environment 3.8500 1.08942 20       
Concrete floor 3.7500 1.16416 20       
Total 3.3167 1.33393 60       
w31_c_pl Week 31: 
cracks: pod: length 
(cm): count 
Water sprinkling 2.6500 1.26803 20       
Open environment 4.1500 0.98809 20       
Concrete floor 3.8000 1.19649 20       
Total 3.5333 1.30795 60       
w32_c_pl Week 32: 
cracks: pod: length 
(cm): count 
Water sprinkling 3.0500 1.19097 20       
Open environment 4.6500 0.67082 20       
Concrete floor 4.1000 1.20961 20       
Total 3.9333 1.23325 60       
w41_c_pl Week 41: 
cracks: pod: length 
(cm): count 
Water sprinkling 3.7000 0.86450 20       
Open environment 4.9000 0.30779 20       
Concrete floor 4.6500 0.67082 20       
Total 4.4167 0.82937 60       
w42_c_pl Week 42: 
cracks: pod: length 
(cm): count 
Water sprinkling 3.7500 0.91047 20       
Open environment 4.9000 0.30779 20       
Concrete floor 4.7000 0.65695 20       
Total 4.4500 0.83209 60       
w51_c_pl Week 51: 
cracks: pod: length 
(cm): count 
Water sprinkling 4.3500 0.74516 20       
Open environment 4.9000 0.30779 20       
Concrete floor 4.7000 0.65695 20       
Total 4.6500 0.63313 60       
Water sprinkling 4.3500 0.74516 20       
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w52_c_pl Week 52: 
cracks: pod: length 
(cm): count 
Open environment 4.9000 0.30779 20       
Concrete floor 4.7000 0.65695 20       
Total 4.6500 0.63313 60       
w61_c_pl Week 61: 
cracks: pod: length 
(cm): count 
Water sprinkling 4.7000 0.65695 20       
Open environment 4.9500 0.22361 20       
Concrete floor 4.7000 0.65695 20       
Total 4.7833 0.55515 60       
w62_c_pl Week 62: 
cracks: pod: length 
(cm): count 
Water sprinkling 4.7000 0.65695 20       
Open environment 5.0000 0.00000 20       
Concrete floor 4.7000 0.65695 20       
Total 4.8000 0.54617 60       
w71_c_pl Week 71: 
cracks: pod: length 
(cm): count 
Water sprinkling 4.7000 0.65695 20       
Open environment 5.0000 0.00000 20       
Concrete floor 4.7000 0.65695 20       
Total 4.8000 0.54617 60       
w72_c_pl Week 72: 
cracks: pod: length 
(cm): count 
Water sprinkling 4.7500 0.55012 20       
Open environment 5.0000 0.00000 20       
Concrete floor 4.7000 0.65695 20       
Total 4.8167 0.50394 60       
w81_c_pl Week 81: 
cracks: pod: length 
(cm): count 
Water sprinkling 4.7500 0.55012 20       
Open environment 5.0000 0.00000 20       
Concrete floor 4.7000 0.65695 20       
Total 4.8167 0.50394 60       
w82_c_pl Week 82: 
cracks: pod: length 
(cm): count 
Water sprinkling 4.7500 0.55012 20       
Open environment 5.0000 0.00000 20       
Concrete floor 4.7000 0.65695 20       
Total 4.8167 0.50394 60       
                
Multivariate Testsa 
Effect Value F Hypothesis df Error df Sig. 
Partial Eta 
Squared 
time Pillai's Trace 0.830 20.908b 11.000 47.000 0.000 0.830 
Wilks' Lambda 0.170 20.908b 11.000 47.000 0.000 0.830 
Hotelling's Trace 4.893 20.908b 11.000 47.000 0.000 0.830 
Roy's Largest Root 4.893 20.908b 11.000 47.000 0.000 0.830 
time * treat Pillai's Trace 0.875 3.397 22.000 96.000 0.000 0.438 
Wilks' Lambda 0.303 3.487b 22.000 94.000 0.000 0.449 
Hotelling's Trace 1.709 3.573 22.000 92.000 0.000 0.461 
Roy's Largest Root 1.230 5.367c 11.000 48.000 0.000 0.552 
a. Design: Intercept + treat  
 Within Subjects Design: time 
b. Exact statistic 
c. The statistic is an upper bound on F that yields a lower bound on the significance level. 
                
Mauchly's Test of Sphericitya 
Measure:  MEASURE_1             
Within Subjects Effect Mauchly's W 
Approx. Chi-
Square df Sig. 
Epsilonb 
Greenhouse-
Geisser Huynh-Feldt Lower-bound 
time 0.000   119   0.173 0.189 0.067 
Tests the null hypothesis that the error covariance matrix of the orthonormalized transformed dependent variables is proportional to an identity matrix. 
a. Design: Intercept + treat  
 Within Subjects Design: time 
b. May be used to adjust the degrees of freedom for the averaged tests of significance. Corrected tests are displayed in the Tests of Within-Subjects Effects table. 
                
Tests of Within-Subjects Effects 
Measure:  MEASURE_1             
Source 
Type III Sum 
of Squares df Mean Square F Sig. 
Partial Eta 
Squared 
time Sphericity Assumed 735.250 15 49.017 113.760 0.000 0.666 
Greenhouse-Geisser 735.250 2.602 282.590 113.760 0.000 0.666 
Huynh-Feldt 735.250 2.833 259.532 113.760 0.000 0.666 
Lower-bound 735.250 1.000 735.250 113.760 0.000 0.666 
time * treat Sphericity Assumed 61.100 30 2.037 4.727 0.000 0.142 
Greenhouse-Geisser 61.100 5.204 11.742 4.727 0.000 0.142 
Huynh-Feldt 61.100 5.666 10.784 4.727 0.000 0.142 
Lower-bound 61.100 2.000 30.550 4.727 0.013 0.142 
Error(time) Sphericity Assumed 368.400 855 0.431       
Greenhouse-Geisser 368.400 148.304 2.484       
Huynh-Feldt 368.400 161.480 2.281       
Lower-bound 368.400 57.000 6.463       
                
Tests of Within-Subjects Contrasts 
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Measure:  MEASURE_1             
Source 
Type III Sum 
of Squares df Mean Square F Sig. 
Partial Eta 
Squared 
time Level 1 vs. Level 2 11.267 1 11.267 17.789 0.000 0.238 
Level 2 vs. Level 3 24.067 1 24.067 32.818 0.000 0.365 
Level 3 vs. Level 4 1.667 1 1.667 12.025 0.001 0.174 
Level 4 vs. Level 5 2.817 1 2.817 12.026 0.001 0.174 
Level 5 vs. Level 6 9.600 1 9.600 17.100 0.000 0.231 
Level 6 vs. Level 7 14.017 1 14.017 19.368 0.000 0.254 
Level 7 vs. Level 8 0.067 1 0.067 2.000 0.163 0.034 
Level 8 vs. Level 9 2.400 1 2.400 10.688 0.002 0.158 
Level 9 vs. Level 10 0.000 1 0.000       
Level 10 vs. Level 11 1.067 1 1.067 8.107 0.006 0.125 
Level 11 vs. Level 12 0.017 1 0.017 1.000 0.322 0.017 
Level 12 vs. Level 13 0.000 1 0.000       
Level 13 vs. Level 14 0.017 1 0.017 1.000 0.322 0.017 
Level 14 vs. Level 15 0.000 1 0.000       
Level 15 vs. Level 16 0.000 1 0.000       
time * treat Level 1 vs. Level 2 4.633 2 2.317 3.658 0.032 0.114 
Level 2 vs. Level 3 8.133 2 4.067 5.545 0.006 0.163 
Level 3 vs. Level 4 2.433 2 1.217 8.778 0.000 0.235 
Level 4 vs. Level 5 0.833 2 0.417 1.779 0.178 0.059 
Level 5 vs. Level 6 0.400 2 0.200 0.356 0.702 0.012 
Level 6 vs. Level 7 1.733 2 0.867 1.198 0.309 0.040 
Level 7 vs. Level 8 0.033 2 0.017 0.500 0.609 0.017 
Level 8 vs. Level 9 4.800 2 2.400 10.688 0.000 0.273 
Level 9 vs. Level 10 0.000 2 0.000       
Level 10 vs. Level 11 1.433 2 0.717 5.447 0.007 0.160 
Level 11 vs. Level 12 0.033 2 0.017 1.000 0.374 0.034 
Level 12 vs. Level 13 0.000 2 0.000       
Level 13 vs. Level 14 0.033 2 0.017 1.000 0.374 0.034 
Level 14 vs. Level 15 0.000 2 0.000       
Level 15 vs. Level 16 0.000 2 0.000       
Error(time) Level 1 vs. Level 2 36.100 57 0.633       
Level 2 vs. Level 3 41.800 57 0.733       
Level 3 vs. Level 4 7.900 57 0.139       
Level 4 vs. Level 5 13.350 57 0.234       
Level 5 vs. Level 6 32.000 57 0.561       
Level 6 vs. Level 7 41.250 57 0.724       
Level 7 vs. Level 8 1.900 57 0.033       
Level 8 vs. Level 9 12.800 57 0.225       
Level 9 vs. Level 10 0.000 57 0.000       
Level 10 vs. Level 11 7.500 57 0.132       
Level 11 vs. Level 12 0.950 57 0.017       
Level 12 vs. Level 13 0.000 57 0.000       
Level 13 vs. Level 14 0.950 57 0.017       
Level 14 vs. Level 15 0.000 57 0.000       
Level 15 vs. Level 16 0.000 57 0.000       
                
Levene's Test of Equality of Error Variancesa     
  
Levene Sta-
tistic df1 df2 Sig.     
w11_c_pl Week 11: 
cracks: pod: length 
(cm): count 
Based on Mean 0.183 2 57 0.833     
Based on Median 0.191 2 57 0.826     
Based on Median and with 
adjusted df 
0.191 2 55.240 0.826 
    
Based on trimmed mean 0.181 2 57 0.835     
w12_c_pl Week 12: 
cracks: pod: length 
(cm): count 
Based on Mean 0.689 2 57 0.506     
Based on Median 0.511 2 57 0.603     
Based on Median and with 
adjusted df 
0.511 2 56.836 0.603 
    
Based on trimmed mean 0.686 2 57 0.508     
w21_c_pl Week 21: 
cracks: pod: length 
(cm): count 
Based on Mean 0.166 2 57 0.848     
Based on Median 0.188 2 57 0.829     
Based on Median and with 
adjusted df 
0.188 2 46.179 0.829 
    
Based on trimmed mean 0.199 2 57 0.820     
w22_c_pl Week 22: 
cracks: pod: length 
(cm): count 
Based on Mean 0.192 2 57 0.826     
Based on Median 0.095 2 57 0.910     
Based on Median and with 
adjusted df 
0.095 2 51.680 0.910 
    
Based on trimmed mean 0.222 2 57 0.802     
Based on Mean 0.175 2 57 0.840     
Based on Median 0.026 2 57 0.975     
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w31_c_pl Week 31: 
cracks: pod: length 
(cm): count 
Based on Median and with 
adjusted df 
0.026 2 49.161 0.975 
    
Based on trimmed mean 0.123 2 57 0.885     
w32_c_pl Week 32: 
cracks: pod: length 
(cm): count 
Based on Mean 2.843 2 57 0.067     
Based on Median 2.156 2 57 0.125     
Based on Median and with 
adjusted df 
2.156 2 45.277 0.127 
    
Based on trimmed mean 3.159 2 57 0.050     
w41_c_pl Week 41: 
cracks: pod: length 
(cm): count 
Based on Mean 11.392 2 57 0.000     
Based on Median 6.257 2 57 0.003     
Based on Median and with 
adjusted df 
6.257 2 45.339 0.004 
    
Based on trimmed mean 10.999 2 57 0.000     
w42_c_pl Week 42: 
cracks: pod: length 
(cm): count 
Based on Mean 11.896 2 57 0.000     
Based on Median 8.022 2 57 0.001     
Based on Median and with 
adjusted df 
8.022 2 45.519 0.001 
    
Based on trimmed mean 11.454 2 57 0.000     
w51_c_pl Week 51: 
cracks: pod: length 
(cm): count 
Based on Mean 9.433 2 57 0.000     
Based on Median 7.040 2 57 0.002     
Based on Median and with 
adjusted df 
7.040 2 38.873 0.002 
    
Based on trimmed mean 9.034 2 57 0.000     
w52_c_pl Week 52: 
cracks: pod: length 
(cm): count 
Based on Mean 9.433 2 57 0.000     
Based on Median 7.040 2 57 0.002     
Based on Median and with 
adjusted df 
7.040 2 38.873 0.002 
    
Based on trimmed mean 9.034 2 57 0.000     
w61_c_pl Week 61: 
cracks: pod: length 
(cm): count 
Based on Mean 7.082 2 57 0.002     
Based on Median 1.369 2 57 0.263     
Based on Median and with 
adjusted df 
1.369 2 42.246 0.265 
    
Based on trimmed mean 5.539 2 57 0.006     
w62_c_pl Week 62: 
cracks: pod: length 
(cm): count 
Based on Mean 12.187 2 57 0.000     
Based on Median 2.085 2 57 0.134     
Based on Median and with 
adjusted df 
2.085 2 38.000 0.138 
    
Based on trimmed mean 7.815 2 57 0.001     
w71_c_pl Week 71: 
cracks: pod: length 
(cm): count 
Based on Mean 12.187 2 57 0.000     
Based on Median 2.085 2 57 0.134     
Based on Median and with 
adjusted df 
2.085 2 38.000 0.138 
    
Based on trimmed mean 7.815 2 57 0.001     
w72_c_pl Week 72: 
cracks: pod: length 
(cm): count 
Based on Mean 12.275 2 57 0.000     
Based on Median 2.111 2 57 0.130     
Based on Median and with 
adjusted df 
2.111 2 36.863 0.136 
    
Based on trimmed mean 7.530 2 57 0.001     
w81_c_pl Week 81: 
cracks: pod: length 
(cm): count 
Based on Mean 12.275 2 57 0.000     
Based on Median 2.111 2 57 0.130     
Based on Median and with 
adjusted df 
2.111 2 36.863 0.136 
    
Based on trimmed mean 7.530 2 57 0.001     
w82_c_pl Week 82: 
cracks: pod: length 
(cm): count 
Based on Mean 12.275 2 57 0.000     
Based on Median 2.111 2 57 0.130     
Based on Median and with 
adjusted df 
2.111 2 36.863 0.136 
    
Based on trimmed mean 7.530 2 57 0.001     
Tests the null hypothesis that the error variance of the dependent variable is equal across groups.     
a. Design: Intercept + treat  
 Within Subjects Design: time     
                
Tests of Between-Subjects Effects   
Measure:  MEASURE_1             
Transformed Varia-
ble:  
Average 
            
Source Type III Sum of Squares df Mean Square F Sig. 
Partial Eta 
Squared   
Intercept 1006.551 1 1006.551 3162.158 0.000 0.982   
treat 5.758 2 2.879 9.045 0.000 0.241   
Error 18.144 57 0.318         
                
                
Estimated Marginal 
Means               
                
                
treat               
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Estimates       
Measure:  MEASURE_1             
treat Mean Std. Error 
95% Confidence Interval       
Lower 
Bound Upper Bound       
Water sprinkling 3.688 0.126 3.435 3.940       
Open environment 4.438 0.126 4.185 4.690       
Concrete floor 4.163 0.126 3.910 4.415       
                
Pairwise Comparisons   
Measure:  MEASURE_1             
(I) treat 
Mean Differ-
ence (I-J) Std. Error Sig.b 
95% Confidence Interval for 
Differenceb   
Lower Bound Upper Bound   
Water sprinkling Open environment -.750* 0.178 0.000 -1.190 -0.310   
Concrete floor -.475* 0.178 0.030 -0.915 -0.035   
Open environment Water sprinkling .750* 0.178 0.000 0.310 1.190   
Concrete floor 0.275 0.178 0.386 -0.165 0.715   
Concrete floor Water sprinkling .475* 0.178 0.030 0.035 0.915   
Open environment -0.275 0.178 0.386 -0.715 0.165   
Based on estimated marginal means   
*. The mean difference is significant at the .05 level.   
b. Adjustment for multiple comparisons: Bonferroni.   
                
Univariate Tests   
Measure:  MEASURE_1             
  Sum of Squares df Mean Square F Sig. 
Partial Eta 
Squared   
Contrast 5.758 2 2.879 9.045 0.000 0.241   
Error 18.144 57 0.318         
The F tests the effect of treat. This test is based on the linearly independent pairwise comparisons among the estimated marginal means.   
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Appendix K: Temperature and Humidity Data Logger 
 
 
 
 
